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NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the National Aeronautics and Space
Administration {NASA), nor any person acting on behalf of NASA:

A.) Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

B.) Assumes anv labilities with respect t¢c the use of, or for
damages resuliing from the use of any information, apparatus,
method or process disciosed in this report.

As used above, “‘person acting on behalf of NASA" includes any
employee or contractor of NASA, or employse of such contractor,
to the extent that such employes or contractor of NASA, or employee
of such contractor prepares, disseminates, or provides access to, any
information pursuant to his emplovment or contract with NASA, or his
employment with such contractor.

Requests for copies of this report should be referred to:

Mational Aeronautics and Space Administration
Scientific and Technical Information Division
Attention: USS-A
Washington, D.C. 20546
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SNAP-8 Refractory Boiler Development Facility Showing Mercury Dump Tank, with Dump Valves,
EM Pump Stator and Sampling Line. (C67112008)




€68010411

3T ‘N‘-
S

R
SR

S e S
s

NaK Loop During Filling Operation.

Figure 6,

NaK Electromagnetic Pump
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Figure 7, Photographic View of the Single Tube Test Boiler Installed in the 500 KW SNAP-8 Refractory
Boiler Development Facility Loop. C68010413




Bimetallic Joints Helical Inmsert ; : i Bimetallic Joint

‘Tantalum Boiler Tube Iﬁner Thermal Sleeve

C1329-13
|

Pfimary NaK Containment

Figure 10, SNAP-8 Single Tube Test Boiler. €68011583

ee o6 o @ e ® 885 6 o8¢
® ® ® @ & & @8 asw L
® o e e & @ ® L3 ® ®
LJ ® & B & ¢ A g ® @ B B

a® @ & ® 88 S8 B & 8%




(C68011582)

Helical Insert P/D 2.0, 1/4 - Inch Center Body.

Figure l}.




o Figure 12, Photographic View
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FOREWORD

The work described in this report isvpart of the SNAP-8 Refractory
Metal Boiier Development Program, NASA Contract NAS 3—10610,vconducted
by the General Electric Company. The wqu was‘dong under ;he technical
management of R.D. Brooks of the General Electric Company and E. R. Furman

of the Lewis Research Center, NASA.

Prinéipal technical contribution to the single tube mercury boiling
program, within the General Electric Company, was done by the foliowing
individuals: Dr. J.R. Peterson, Manager of Heat Transfer Engineering,
provided constant guidance and helpful discussions in the heat transfer
analysis; ﬁr. R.A. Fuller contributed the testing of the boiler and the
deéign of the meréﬁry helical EM pump; Mr. J.L. Pride made the data
‘reduction computer program; and Mr. W.H. Bennethum helped in the loop

instrumentations.
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ABSTRACT

The results of an experimental investigation of heat transfer and
fluid flow during forced convection boiling of wetted mercury in z single
tantalum tube with composite vortex generator insert are presented. The
experiments were conducted with a NaK-heated and highly-instrumented test
section at mercury saturation temperature up to 1130°9F, Exploratory
local two-phase forced convection boiling results for mercury are pre-
sented for nucleate boiling, the critical heat flux condition, transition
boiling and superheated vapor regions in a once-through boiling process.,
The experimental data and the associated correlations are directlv appli-
cable for the design and optimization of once-through boilers for Space

Power Zankine Cycle Systems emploving mercury as the working fluid.
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I. INTRODUCTION

Thé once~through bdiler holds promise of being highly suitable
for 1iquiq metal Rankine Cycle Power Systems. In a typical high-
performance version of this concept, liquid enters the boiler at
subcooled conditions, where it is heated to boiling temperature, boiled
to dry saturated vaﬁor conditions, and then heated to superheated vapor
for discharge to the turbine - all in one continuous pass through the
boiler. The boiler tube usually contains vortex generator inserts
to promote beiling stability and to increase heat transfer performance,
Heating of the boiler is provided by a liquid.metal reactor coolant.
The SNAP-8 Rankine Cycle conversion system has been under development
by NASA~-LRC since‘1963. Mercury is used as the working fluid whereas

the energy source is provided by a nuclear reactor coolant, NakK.

In the development of a once-through boiler for the SNAP-8 system,
major problems encountered have been mercury and NaK incompatibility with
the containment material and the unpredictable thermal and hydraulic

(1) (2)

performance In the fall of 1966, NASA-LRC recognized the
necessity of changing the boiler tube material and selected tantalum

as the new mercury-containment material due to its high resistance to mer-
cury corrosion. The‘second problem of understanding the nature of

boiling mercury in a once-through boiler with vortex generator inserts

was not explored until late 1967. Early in 1967, a series of tests were



conducted at the General Electric Company on mercury-tantalum systems to
explore the thermal wettability of mercury in contact with tantalum
surfaces. An important result 3 of these tests was the high dégree

of wettability of tantalum exhibited by mercury at elevated temperatures.
In addition, the results indicated that once wetting had been obtained,
the mercury did not become nonwetting upon cooling in the absence of air.
These initial findings were later verified independently by contact angle
measurements conducted by Geoscience, Ltd.(4). Results in Reference (4)

indicate that at temperatureé greater than 1000°F the contact angle

between mercury and tantalum approaches zero (perfect wetting).

Based upon these early findings in 1967, a decision was made to
design a single tube tantalum mercury boiler by using the heat transfer
and two-phase pressure drop relationships for a wetting fluid. These

(5) (6)

relationships were developed under NASA contracts 3-2528 and 3~9426

for high temperature potassium, a highly wetting fluid.

Double containment using static NaK as a barrier between the shell
side primary NaK flow and the tube side mercury was employed. The
stafic NaK was located in the annulus between an outer stainless
steel tube and an inner tantalum tube, with mercury flowing inside the
tantalum tube. A composite vortex generator insert, consisting of
helical vane and wire coil sections, was positioned inside the boiler

tube to increase the heat transfer capacity.

Earlier SNAP-8 boiler designs were based upon nonwetting mercury

(11

heat transfer relatioms and resulted in boiler tube lengths of 30-feet

for the SNAP-8 system requirements. The use of wetting heat transfer



relations in the thermal design calculations for the single tube boiler
resulted in the selection of a shorter 16-foot tube length for the same

system operating conditions.

During the end of 1967 and early in 1968, thé singie tube mercury
boiler was designed, fabricated and successfully tested in the 550 KW
capacity liquid metal facility located at the Evendale Plantf Boiler
. operation inciuded 326 hours of testing and three restart cycles. No
deterioration in performance was observed within thé specified SNAP-8
power system operating ranges. A large amount of test data was accumulated
and subseduently analyzed to exﬁlore the heat transfer and pressure loss
charécteristics for the once—through‘boiling of mercury inéide a tantalum

tube with vortex generators,

Detailed descriptions of the single tube boiler assembly, test
apparatus and instrumentation are presented in subsequent sections.
Local and overall boiling heat transfer results and their correlations
are presented for all 16 planned test runs. Individual heat transfer
regions, designated as subcooled liquid, nucleate boiling, transition
boiling and superheated vapor, were identified frém the NaK and mercury
temperature profiles established by a large number of calibrated
thermocouples installed on both the shell external surface and inside
the boiler insert. Local and overall pressure losses and their
correlations fdr boiling mercury are also presented and compared with
established predictions. Local two—phase pressure loss gradients,
local pressure loss multipliers, and pressure losses for superheated
mercury vapor in the wire coil section of the insert were thoroughly

analyzed and correlated. Two existing two-phase pressure loss

3



correlations, the Martinelli model and homogeneous model, are compared

. with the experimental two-phase pressure loss results.

Performance testing was also accomplished by varying the operating
conditions over the expected operating band for the SNAP-8 system to
obtain off-design information. Three hundred and twenty-six hours of
performance testing and three restart cycles were achieved without any
deterioration in performance in the single tube mercury‘boiling experi-~
ment. Accurate temperature profiles of both shell side NaK flow and
tube side mercury flow and a large amount of test data were secured and
subsequently analyzed. The experimental heat transfer and pressure drop

results of boiling mercury are presented in the subsequent chapters.

Complete tabulations of the local and overall heat transfer and
pressure losses obtained from the present test are given in the appendix.
The ranges of operation for all 326 hours of test and three restart

cycles‘are listed as follows:

Mercury Flow Rate 700 to 1700 1b/hr

NaK Flow Rate 6800 to 7350 1b/hr
Mercury Exit Temperature 1290 to 1335°F
NaK Inlet Temperature 1292 to 1350°F
Mercury Exit Pressure ' 75 to 267 psia
Mercurvaaturation Temperature 975 to 1130°F
Degree of Vapor Superheat 205 to 390°F
Thermal Power 36 to 75 KW



II. TEST APPARATUS

A. Description of the Test Loop

The NaK-mercury test facility employéd in the experiment is shown
schematically in Figure (1) . The entire facility was constructed of
Type 316 stainless steel ékéept the tantalum boiler tube, the L-605
'NaK dump tank and the L-605 mercury vapor line. As shown in the
figure, thé NaK primary loop of the facility, which siﬁulates the
reacfor coolant loop of an actual SNAP-8 power conversion éystem,
accepted heat from a 550 KW gas fired furnace and rejected heat to
boiling mercury in the secondary loop. A reversible helical induction
EM pump was used in the single phase primary loop and the NaK flow
rate was determined with an electromagnetic flowmeter. The NaK level
in the‘dump tank was indicated by a level probe and was controlled
by inert gas préssurization. Mercury flowing in the secondary loop
was boiled and superheated inside the tantalum test boiler and was
condensed in an air—cooled, finned—tube condenser. An adjustable
vapor throttle valve positioned downstream éf the boiler was employed
to maintain both boiler exit and condenser inlet pressures at the
proper system values. The valve normally operated in a choked mode.
A valved mercury dump tank connected to the loop downstream of the
condenser. The liquid‘mercury flowed through a helical induction EM
pump, a venturi flowmeter and finally a liquid throttle valve upon

its return to the test section from the dump tank. The mercury vapor

5
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Figure 1, 500 KW SNAP-8 Refractory Boiler Test Loop Model (Single Tube Boiler Located at the
Position Shown for SNAP-8 Test Boiler., (CDCl1711)



line was a 3 1/2-inch 0.D. Haynes-25 seamless pipe. Since the mercury
was superheated vapor and the Haynes-25 was chosen for its availability
and high strength. The vapor throttle valve was also made of Haynes-

25 alloy.

The three-stage mercury helical inducfion EM.pump as showﬁ
schematically in Figure (2) was designed, fébricated and tested.
The pump consisted essentially of a polyphase stator, a pump duct
made up of two concentric tubes with spiral passages in the annulus
and suitable enclosing and supporting framework; As shown in Figure(g)’
tgsting of the mercury EM pump using a three-stage pump and a 15-inch~-
‘long statof, indicatéd, at the design point, using approximately
560 volts would provide 560 psi developed head at thé’SNAP?S system
design flow rate of 12,500 lb/hr. No difficulties QhatsoeVer were
encountered in the operation of the helical induction pumps for

pumping liquid mercury.

The gas~fired furnace employed as the prime heat source is shown
schematically in Figure(4). The furnace was designed for a nominal
heat load of 550 KW at a NaK exit temperature of 1350°F. The heater
shell was air-tight and the flue was valved so that NaK fumes could
be contained in the event of a leak. An alternate vent line to a
scrubber system insured that no caustic fumes would be released

to the atmoSphere.

Type 316 stainless steel was selected as the material of
construction for the air-~cooled, finned-tube mercury condenser.

This se¢lection was based on the welding and post-weld annealing

7
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requirements involved with the use of the more corrosion resistant
low alloy steels and the lack of significant corrosion of the austenitic

stainless steel at the condenser temperature of 450°F to 600°F. The

condenser cooling ‘air was drawn from outside the building to the con-
denser. Two blowers were used for exhausting air from the condenser

to improve the reliability of cooling air to the condenser. In addi-
tion,-a screen wés installed over the air intake duct to minimize

any intake of foreign objects.

The mercury dump tank installation with some of the mercury
piping and valves is shown in Figure (5). The mercury cooler shown
was used to trim the liquid temperature returning to the pump from
the condenser. The mercufy EM puﬁp stator is shown installed at the
left side of the picture and thus operated with a slight negative
pressure in the test cell, The aif discharge was also connected to
the scrubber piping and, in the event of a leak, the air could bg
discharged to the safety system. On the righﬁ side is shown the
mercury sampling line to the sample station which was external to the
enclosure to permit sampling during operation.’ Similar cénnections
for sampling were installed to sample primary loop NaK and static NéK

from the boiler during the test.

For the purpose of safety, a mercury vapor detector was installed
in the condenser air exit ducting. A similar detector was installed

to monitor the test cell for mercury vapor.

11



Figure (6) shows a partial view of the NaK loop during the NaK
filling operation for the primary loop. In Figure (7), within the
mercury enclosure, the mercury loop had just been completed with the
single tube test boiler installed. ' The interior of this enclosure
was coated with two layers of white epoxy paint to facilitate clean-

up in the event of a mercury spill.

Elcctric hecaters were provided to preheat the mercury loop and

the NaK dump tank during the startup period.

The 550 KW liquid metal test facility and its components are
discussed in greater detail in Reference (7) in which the design and

calculations are also presented.
B. Description of the Test Boiler

The single tube mercury boiler is shown schematically in Figure (8).
The boiler employed a single tube counterflow configuration with a
static NaK annular layer acting as a barrier between shell side NaK flow
and tube side mercury flow. The boiler shell and the static NaK
containment tube were fabricated from 316 SS tubing. A cross sectional
view of the test boiler assembly is shown in Figure(9) . The
tantalum boiler tube had an inside diameter of 0.67-inch and an
outside diameter of 0.75-inch. The static NaK containment tube had -
an inside diameter of 0.805-inch and a wall thickness of 0.035-inch,
while the boiler shell had an inside diameter of 1.38~inches and a
wall -thickness of 0,.062-inch. The overall heat transfer length was

16 feet. A disassembled view of the test boiler is shown in Figure{(1l0)

12
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Spacer pins welded one foot apart on the static NaK containment tube
allowed it to be accurately centered in the shell during assembly.
Three bimetallic joints between tantalum and stainless steel were
employed. One at each end of the boiler tube and one at the inlet of
the helical vane insert. The composite insert employéd in the test
consisted of a P/D = 2.0* helical vane insert fof the first 12 feet
and a P/D = 0.97 wire coil insert with wire diameter equal to 0,094~
inc¢h in the last four feet of the tést boiler. A photographic view
of the helical vane insert is shown in Figure (11). It contained a
1/4~inch OD, 0.05-inch thick wall hollow centérbody and 0.035-inch
thick helicalvvané. The hollow centerbody permitted local mercury
temperature measurement by the installatién of thermocouples inside
it. The helical vane insert was terminated before the boiler exit in
order to avoid carry-over of any liquid mercury which had adheréd to
the centerbody; As the mercury flow entered the boiler tube, a helical
flow pattern was induced by the inserf. The purpose of the arrange-~
ment was to increase the heat transfer capacity of the boiling fluid,
particularily in the transition region, since the radial acceleration
' produced by the insert will teﬁd to force the liquid droplets en~

trained in the vapor core to the partially wetted tube wall.

Photographic views of the boiler inlet and outlet portion just
before installing insulation materials are shown in Figures (12) and
(13). The shell-side thermocouples are also illustrated by these

figures.

As shown in Figure (12), relative expansion between the boiller
tube and the shell of the assembly wae accommodated by a bellows

positioned near the mercury inlet end of the test section.

*
See Nomenclature 21
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Photographic View of the Test Section Inlet Portion (Exposed Before Insulation). (C67120770)

Figure 12,
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Figure 13. Photographic View of the Test Section Outlet Portion.
(Exposed Before Insulation). (C67120768)
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III. INSTRUMENTATION AND OPERATING PROCEDURES
A. Loop Instrumentation

A complete instrumentation 1ayoutbfor the NaK-mercury heat
transfer loop is shown on the loop schematic drawing in Figufe (14).
Pressure gauges, flowmeters, thermocouples, level controls and mercury
vapor detectors are shown in their approximate locatioﬁs. The instru-
mentation installation consists of‘temperature and pressure instfuments
which monitor operation and provide data for heat transfer and pressure

loss analysis.

A liquid venturi designed to provide 20 psi differential pressure
at 1800 1b/hr mercury flow was installed in the loop for the mefcury
flow rate measurement. Prior to installation water was used to determine
the venturi discharge coefficient over appropriate throat Reynolds number
range., The mercury flow rate was then determined by the standard venturi
flow equation as a function of the differential pressure (inlet pipe to
throat static). An on~loop calibration of the venturi differential
pressure versus the output signal was done in 107 increment of the full
scale (0 to 20 psi) in both direction of increasing and decreasing. A
final calibration curve for the 1iquid venturi, plotted as mercury flow
rate versus output signal can thus be established and is presented in

Figure(15).
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A permanent magnet flowmeter was used to measure NaK flow. This
meter consists of a 3.513-inch OD x 2.812-inch ID Haynés—zs cylindrical
duct located within a 728 gauss magnetic field to provide a theoretically
calculated sensitivity of 13.93 gpm/mv at 500°F. A calibration curve

for NaK flowmeter is shown in Figure (16).

At locations where it was .necessary to determine fluid temperature,
thermocouple wells were provided which were immersed in thé fluid
stream such that the depth of immersion was at least ten times the
well diameter. The wells were made from 0.25-inch OD fubing and
0:662—inch'OD sheathed thermocouples with capped, non—gréunded junctions

installed therein.

With two exceptions, all thermocouples were chromel-alumel type
wifh 0.125-inch, 0.062-inch or 0.04-inch OD. One hundred and.fifty
thermocouples were installed on the entire test system with 71 on
the single tube test boiler. All thermocquples necessary for per-
formance calculations were connected into a digital recording system
via a 150 °F controlled temperature reference junction heat block.

Two copper constantan thermocouples referenced to an ice bath were used
to check the reference block temperature. All other thermocouples
were connected to various readout instruments located on the control

console for monitoring during operation.

Approximately 50 of the thermocouples, which were required for
data reduction, were calibrated prior to installation at the freezing
points of zinc (787.1°F) and aluminum (1220°F). The cal ibrated
thermocouples included all the well thermocouples and' a reépresentative
group of the boiler shell surface thermocouples. Calibration results

are summarized as follows:

30



NaK Flow Rate, WNaK’ gal/min

40

| |
EMF Vs. Flow Rate
For MSA Meter No. 501068
S/N 255
Magnet S/N 62 ~ 728 Gauss
Fluid: NaK (Eutectic)
Duct: L605 2.812 ID x 3.513 OD
200°F
500°F
30 p— 800°F —
1000°F
20 — —
10 |— _
-/
/
/
/
/
/
0 ' ' |
0 1 2 3

Qutput Signal, emf, mv

Figure 16. NaK EM Flowmeter Calibration.
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0.04-inch OD insert thermocouples Maximum e¢rror 1.1°F with
most lcss than 0.5°F.

0.062-inch OD well thermocouples Within a : 3/8% tolerance

in all except two cases
which were within - 0.5%.

0.125-inch OD Exposed Junction Within a + 3/49% tolerance
thermocouples » in all cases.

The differential pressure gauges (P4, P7), as shown in Figure (14)
were used to measure pressure drop through the two mercury flow nozzles
and another (P2) which was used to measure shell side pressure drop
for NaK flow are slack diaphragm units. Each unit employed a 0.005-
inch thick diaphragm which trahsmits the pressure forces to a dif-
ferential sensing chamber (mounted outside the loop enclosure) via a
NaK filled capillary tube. The gauges provide a pneumatic output
signal which varies from 3 - 15 psi over the calibrated range of the
pressure transducer (0-600—inches of water for mercury fransducers
and 0 - 5 psi for the NaK transducef). The 3 - 15 psi output signal
is converted into a 4 - 20 ma dc current by a signal conditioning circuit
in the control room. The dc current is then converted into a 10 - 50
mv signal for recording at the control console and a 2 to 10 volts

signal for digital recording.

Calibration of the three differential pfessure transduceis was
accomplished prior to installation by subjecting the high side to a
series of inert gas pressure steps to cover the calibration range with
Athe low side vented to atmosphere. This was done at both ambient
temperature and at 500 °F (nominal). All calibration results showed

that the transducers were linear and repeatable within iy 1% throughout
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the calibration range. Typical calibration curves are given in
Figure (17). Final zero adjustments were made with the transducers
installed on the loop and with the loop full of mercury or NaK to

eliminate errors caused by static head variations.

Other slack diaphragm pressure transdﬁcers are used to measure
abéolute pressuré at the NaK flow inlet (Pl), mercufy pump exit (P6)
boiler inlet (P8), boiler oﬁtiet (P3) and condenser inlet (P5).

All of these transducers functioned the same as the differential
transducers described above except that they provided a 4 - 20 ma dc
signal directly. All except the gauge (P5) on the condenser were
calibrated prior to installation into the loop system at operating

temperatures.

Liquid level gauges were also provided in the NaK dump tank,
mercury dump tank, NaK standpipes and the mercury condenser to permit

accurate control of inventory during operation.

Automatic loop safety control circuits were installed on the

control console. These provide automatic dump of the mercury

loop if pressure limits at the boiler inlet or the condenser

are exceeded and automatié shutdown of the gas-fired furnace and all
mercury loop heaters if the NaK flow drops below a preset level or

if the gas heater tube temperature exceeds a preset limit. Automatic
control circuits were also provided for temperatures of the NaK dump
tank heater, mercury vapor line heater, mercury preheater and the gas
heater exit. Additional warning devices are connected to an

annunciator circuit located on the control console to alert loop
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operators of the following conditions:
1. Gas-fired furnace overtemperature
2, Static NaK expansion tank overpressure
3. Mercury boiler inlet overpressure

4. Mercury condenser overpressure

As shown in Figure (14), additional pressure transducers P12,
P13, P14, and P15 are used in the argon and vacuum piping systems for
loop operation requirements. These are all conventional penumatic

transmitters with all welded bourdon tube sensing elements.

A detailed description of the thermocouples installed in the

test loop is given in Table (I) listed in Appendix (II).
B. Boiler Instrumentation

As shown schematically in Figure (18), sixty 0.125-inch OD thermo-
couples were installed on the shell surface of the test boiler in 17
circumferential rings at 12-inch intervals along the entire boiler length.
All shell thermocouple junctions were formed by surface spot welding.

It was found that a small tab of 0.002-inch thick tantalum foil tacked
over the exposed junctions would reduce the frequency of thermocouple
failure caused by the thermocouple lead lifting off the shell surface.
Seven 0.04-inch OD sheathed chromel-alumel thermocouples with capped énd
nongrounded junctions were installed in the centerbody of the helical
insert, with junctions located at evenly space increments along the

active boiling region of approximatcly the first 12 feet of the test
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boiler. These insert thermocoﬁples Were"then brought out through
a”Conameﬂii-hole‘pagking gland so that the inside of the center-
hody tube could be kept under pressurized argon atmosphere during
‘opcration.‘ This arrangement énsureé that argon will leak into the
mercury loop in the event of any leak along the cénterbody tube,

rather than mercury leaking into the atmosphere.

Two 0,062-inch Ob Cr-Al sheathed thermocouples with capped and
nongrounded junctions were positioned in each of the four thermocouple
wells located at the iniet and outlet of both the NaK and mercury
flows. Two 0.125;inch 0D Cr-Al sheathed thermocouples 180 degrees
apart were surface spot welded in the inlet and outlet of both the
primary and secondary flow pipes to measure the inlet and outlet

pipe skin temperatures.

Two slack diaphragm Taylor absolute préssure transducers located
at the ﬁercury inlet and exit were employed to measure the total
pressure drop across tﬁe test boiler. .Figure (13) shows the mercury
outlet pressure transducer as installed in the test section. The
differential pressure gauge usedvto measure NaK flow pressure drop

through the shell side passages was also a slack diaphargm unit.

A detailed description of the shell and insert thermocouples

used in the test section is given in Tables (2) and (3) and is listed

in Appendix II.
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C. Loop Checkout and Operating Procedures

One of the problems of greatest concern was that of particulate
matter which might be present in the loop prior to startup. Every
precaution was taken to eliminate this possibility, however, it
must be appreciated that despite all care the possibility still existed.
Consequently, prior to startup the loop was flushed with mercury in
both directions and the mercury was returned to the dump tank. The dip
leg into the dump tank was then blown down with preésurized argon to
make sure that any particulate material floating on the surface was
blown into the dump tank. The probability of such contaminants being
returned to the loop on refilling will thus be extremely sméll,since
this material would then be floating on the surface of the mercury
in the dump tank. 1In addition to this flushing procedure’a filter
having a nominal pore size of 17 microns was placed in the loop just
upstream of the liquid throttle valve where the liquid mercury enters
the boiler. The filter should prevent particles from reaching and

plugging the 0.060-inch orifices of the inlet of each boiler tube.

Oxide and impurity control in the NaK primary loop was achieved
by a combination of hot-flushing and hot-trapping. Upon startup, the
NaK loop was hot-flushed at 800 °F by several charges of NaK flow,
which was discarded. Oxygen content during operation was controlled
by hot-trapping the liquid NaK at 1200°F with zirconium gettering grid

located in the NaK dump tank.

The static NaK layer system which acted as a barrier between
the primary NaK flow and the secondary mercury flow was filled with
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793 grams of reactor-grade NaK. The static NaK system was vacuum out-
gassed for 36 hours at temperatures up to 700°F before filling. During
this time, the mercury system was also under vacuum to protect the

tantalum test boiler from contamination.

Filling operation proceeded from a condition in which both the
primary and secondary loops were evacuated with the facility mechanical
vacuum pump and were baked out to approxiﬁately AOOOFHbmeééns of
auxiliary electrical heating wire. The mercury and NaK dump tanks
were also heated up to approximately 400°F with auxiliary heating
equipment. Then by pressurizing the NakK dumb tank with argon, NaK
was forced to fill the evacuated loop. Level sensors located in the
NaK loop standpipes indicated when the proper inventory was obtained.
In the meantime,the NaK EM pump was activated and, subsequently, the gas-

fired furnace was turned to its minimum heat level.

The secondary mercufy loop was filled in a similar manner. The
liquid mercury was forced to fill the evacuated mercury loop by
pressurizing argon in the mercury dump. When the desired mercury
inventory was attéined,the mercury EM pump was then activated and, in
the meantime, forced cooling air flow into the condenser was started.
Boiling was initiated as the mercury was pumped into the NaK heated
boiler section where the shell side NaK flow had already been heated

to an elevated temperature.

Before filling with mercury, a series of thermocouple calibrations

and heat loss .runs were conducted. The purpose of these runs was to check
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each boiler shell thermocouple against the calibrated well thermocouple
in the NaK stream and to obtain the hcat loss for the test section. This
was accomplished byArunning the NaK loop at both maximum and minimum flow
rates af three different temperature levels with the mercury loop
evacuated. The heat loss runs are of vital importance in the heat
transfer analysis to determine accurately the exact amount of heat
transferred to the taﬁtalum boiler tube. A technique described in

detail in Reference (6 ), employing two NaK flow rates at several
temperature levels with the mercury loop evacuated, was used to determine
the test section heat losses. These heat losses, so determined, are
presented in Figure (19) and range from 6.26 to 7.4 KW depending upon
the temperature level of the test section. The shell thermocouple
corrections obtained in this manner were generally about 10°F and are
believed accurate to approximately t 2°F. The reference well thermocouplés
in the NaK stream are judged to have an accuracy within : 1°F on an

absolute basis.
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IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Before presenting average and local heat transfer and pressure
drop results, a conceptual model of the local boiling conditions as
shown in Figure (20) ﬁhich is thought to occur in the mercury once-
through boiler will be briefly described in order to define some of

the terminology emplbyed in this report.

In the once~through boiling process as described‘in Reference (6),
the mercury bulk temperature, subcooled at the boiler inlet, is
increased by single phase liquid heat transfer in the "'subcooled heating
region” until boiling is initiated. The point of boiling inception
marks the beginning of the "nucleate boiling region' which is mainly
characterized by relatively high heat transfer performance. 1In this
region, it is believed that the wall is completely wetted by mercury
at the elevated saturation temperatures of the present test. As the
quality is increased, it is thought that in this nucleate region part
of the liquid flows as a continuous liquid film on the boiler wall and
the remainder is entrained in the vapor core. Two heat transfer models
are frequently used to describe this nucleate boiling region at high
qualities. The ""film evaporation'" model, which is characterized by
totally suppressed bubble formation has the vapor generated by
evaporation at the postulated interface. The "bubble nucleation' model

neglects liquid-vapor interface vapor generation and assumes heat
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transport through the formation of wvapor bubbles from nucleation sites
at the bhoiler tube wall. This nucleate boiling region persists with
increasing guality until the onset of the critical heat‘flux condition,
at which point the heat transfer performance begins to deteriorate due
to breakdown of the continuous liquid film along the boiler wall. Thus,
the critical heat flux condition marks the onset of the lower heat
transfer performance”transition boiling region? The transition

boiling region is characterized by a lower heat transfer coefficient
thought to be caused by the heat transfer surface being partially
wetted by liquid patches or droplets and partially exposed to dry

vapor. As the quality is further increased, the quantity of liquid
patches or droplets wetting the wall decrease and the mean wall
temperature increases rapidly until the so-called "spheroidal state"

or "film boiling region" is reached. This region is characterized by
the wall being blanketed with a continuous layer of locally super-
heated vapor. The film boiling region extends to the point at which
bulk superheating commences, and the subsequent "superheated vapor region"

marks the end of the once-through boiling process.

In the film boiling region, heat is transferred by a combination

of conduction, convection and radiation through the vapor layer, and

the heat fluxes expected at reasonable temperature levels are sub-
stantially lower than those in the nucleate boiling region. For a
horizontal surface, the film boiling heat transfer correlations have

(8) (9)

been worked out by several investigators. Chang and Zuber
. (10) s
are among the earliest workers. In 1961’Berensen modified and

extended the hydrodynamic approach used by Zuber and Chang and

obtained relationships for both the heat transfer coefficient and
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temperature difference at the minimum heat flux condition for pool

boiling. The results are given as follows:

2/3 1/2 1/3

Ph g(pP -0) g o
(o1, = 0.127(1{‘_' LV) 5 ; | =5 ;l . PP -l (D
min N 3 + P, g(L PVJ 8. v j

The parameter (Am)min is the minimum temperature difference between
boiler wall andvmercury required for the existence of film boiling.
Equation (1) was used to predict the tube wall-to-mercury temperature
differenceArequired for mercury having film boiling. It is found that
(_“_~T)min is generally'in the order of 250°F under the present operating
conditions. One should notice that Equation (1) is primarily derived
fqr pool boiling and it might not be useful to predict (AT)min for
onset of film boiling under forced convection conditions. However,
due to lack of information for forced-convective film boiling for
mercury, it is believed that Equation (1) will be adequate to provide
at least an order of magnitude analysis. Fortunately, recent film
boiling data for mercury from Reference (ll)‘showed that the mean
temperature difference for film boiling is in the range of 180 - 270°F
under the same temperature level as the present experiment employed.
These sources support a conclusion that the film boiling might

not have occurred in the present two-fluid mercury boiler since no

tube wall-to-mercury temperature differences as large as 200°F were

experienced in the present experiment.

A. Overall and Average Test Results

The digital data system, as previously described, received and
recorded raw test data in the form of a millivolt signal. A computer

program was written to convert these quantities to useful engineering
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units which would permit direct use of the conventional equations for
performance analysis. The computations used in the computer program
make usce of all available calibration factors for thermocouples, pressure
géuges, and flowmeters. All physical quantities for mercury liquid and
vapor used in the data reduction are obtained from Reference (12).
Appendix (III) shows the printout of most of the overall test results for
the present 16 test runs, including such factors as power levels, operating
temperature bands, degree of superheating, flow rates, and total pressure
drops. Indeed, these overall results have illustrated the gross performance
for boiling of mercury inside a tantalum tube boiler. Figures (21) to (36)
show the temperature profiles for NaK and mercury flows in the test
section for all 16 test rums. Exit superheats of the mercury vapor are
also iliustrated in these figures. Overall results of the operating
temperature band for primary and secondary flows, as shown in these
figures, are quite useful in that they indicate the feasibility of compact
once~through boilers and permit the design of multiple-tube boilers with
enhanced thermal power levels by direct scale-up. For example, the
design of a compact once-through 19-tube boiler(ls)which was proposed
for the SNAP-8 power conversion system was based on the overall result
of a 1/19th scale test run (Figure 35). This compact 19-tube boiler with
only 6.68 feet long will meet the SNAP-8 power conversion system require-
ments, i.e., a power level of 500 KW and a specified exit pinch point
temperature difference of 30°F.

Following the computational procedures given in Appendix (I), the
average values of ﬁ, ﬁ, and a" for each individual heat transfer

region were calculated, and the results for all 16 test rums, are listed

in Table (4). The ranges of the average values are as follows:
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' 6 2
0.294 x 106 ~ 0.695 x 10 1b/hr-ft

Che

Toat 970 - 1120 ~ °F

Q 36 - 75.5 | KW

Q 24.5 - 56 KW |

E“Sc 24,000 - 25,000 Btu/hr-ft2

E“ﬁB 110,000 - 258,000 Btu/hr-ft2

E"&B 25,000 - 214,000 Btu/hr-ft2

E“SH 2,700 - 7,700 | Btu/hr-ft>

Eg 938 - 3,790 Btu/hr-ft--oF

E;C 980 - 1,850 Btu/hr—ftz-OF

E&B . 5,000 - 9,050 Btu/hr-ft2-°F

E}B 2,320 - 5,700 Btu/hr-ft -°F
SH 38 - 125 : | Btu/hr—ft2—°F
(A1) g 205 - 400 oF

The length for each individual heat transfer region except the subcooled
heéting region was caléulated following the procedures presented in
Appendix (I). The length of the subcooled liquid heatiﬁg region, L509
was obtained directly from tﬁe mercury temperature profile determined ffom

the insert thermocouples. As shown in Figures (21) to (36), the subcooled

heating region is generally short (less than 7% of the total boiler length)

for all test runs.
The values of overall pressure drops recorded from the two Taylor

gauges are listed in Table (5) and are plotted in Figures (21) to (36).
The pressure drop profiles in Figures (21) to (36) were obtained with
the saturation curves from the saturation temperature of mercury
measured with insert thermocouples. The dottéd lines in these figures
are estimates for mercury vapor in the superheated region. Following

the calculational procedures described in Appendix (1) for (Ap)misc ’
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(A&P) 5 (AP)SPL, and (AP)SPV, the two pressure drops were obtained,

elev,.

and these results are given in Table (5). The values of (A.P)TP obtained
from saturation curves by insert thermocouples readings are also listed in
Table (6) for comparison to those data obtained from Equation (A38). As
shown in Figure (37), the comparison indicates that the values of (AP)TP
obtained from two different sources generally agreed + 16%. In Figure (38)
the frictional and momentum components of (AP)TP are plotted along with
the value of (AP)TP obtained from insert thermocouples. The momentum

component (AP)TPm is calculated from Equation (A57).

The values of (AP)TP obtained from insert thermocouples were

used in Equation (A38), and the mercury vapor pressure drop, (AP)SPV was

obtained. By using Equation (A39), the frictional term, (AP)SPVf’ was then

obtained by subtracting the momentum term, AP Again a comparison

SPVm’

between these experimentally-determined (AP)SPVf and the values calculated

by Equations (A46) and (A53) was made and the result is presented in

Figure (39). The comparison indicates that these two (AP) generally

SPVE

agree within + 22% and the predicted values are generally smaller than
those obtained from the test results. The momentum parts calculated by
Equation (A41) are found to be a small fraction of the total mercury vapor
pressure drop (less than 10%), and their values are plotted in Figure (40)

together with (AP) (AP) and total pressure drop'across the boiler

TP, SPV’

(AP)T. The rather large + 22% discrepancy in (AP)SPVf between tested and

predicted values is attributed mainly to the uncertainty of using the frictional
pressure multiplier Kp’ especially in the wire coil region. The use of Equation
(A52) for predicting Kp values in the helical vane insert region has recently

(29)

been verified by a series of water and air tests. In other words, the
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empirical Kp curve obtained for a wire coil in reference (29) is believed
to be correct within + 227 when using it to predict frictional pressure

loss of mercury vapor flowing through the wire coil insert region.

It was also found that a rather large Zraction of pressure drop
occurred in the wire coil insert region s compared with other portions
along the boiler., This is clearly shown in Figures (21) to (36). A
wire coil imnsert at the end of the boiler {the superheated region) was
used to turbulate the liquid mercury which might remain on the center-
body at the helical vane insert end and to enhance the superheated wvzpor
heat transfer coefficient, As the pressure drop data shows, the perzlty
for this performance was an increase of sumpin g power for the working

fluid.

wl
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B. Local Test Results

The overall and average heat transfer and pressure drop data presented
previously are only uséful for design studies at conditions near those
at which the test dafa were obtained. These data were generally
obtained by averaging over one or more heat transfer regions of the
once-through boiling process and thus can not be extrapolated with
confidence for general design purposes beyond the range of the
presént test conditions. For these reasons, local mercury boiling
heat transfer and pressure drop data were needed, and consequently a
considerable effort was devoted to the calculation and correlation
of the local results. These local results not only enhanced understanding
of the once~through boiling mercury in a single tube Qith inserts, but
also provided a general means for extrapolating data outside the range of

test conditions.

1. Heat Flux Distribution, Quality and Overall Heat Transfer Coefficient
Values of the local heat flux distribution were obtained by
differentiation of the smooth temperature curves at one-foot intervals,
using Equation (A64) for the regions up to the transition boiling and
Equation (A66) for the region of superheated vapor. The results are
presented in Figures (41) fo (56). The values of q' obtained in this
manner were not sufficient to give the entire axial heat flux profile,
since near the end of the active heat transfer length the local differentia-
tion of the mercury temperature profiles could not be made with accuracy.
However, with the known values of the average heat flux in the superheated
region, the shape of local heat flux distributions could be estimated

in the end region. The estimated profiles are shown in Figures (41) to (56).
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Also shown in these figures, the points IB, C, and IS indicate the
approximate location of boiling inception, critical heat flux condition,
and initiation of superheating for each test run. It can be seen from
these figures that, if the "entrance effect" is excluded before and
after these points, the local heat flux in the individual heat éransfer
regions increases or decrecases almost linearly. This cffect can be more
clearly seen from those runs with long boiling sections in Figures (52),

(53), and (54).

Local qualities calculated from Equation (A70) are plotted in
Figures (21) to (36). The results show that the conventional assumption
of linear variation in quality versus length is not always correct,
especailly for the low and high quality regions and is acceptable only

in the intermediate quality range, i.e., 0.2 to 0.8.

Local values of the overall heat transfer coefficient, U, were
calculated from Equation (A73), and the results are presented in
Figures (41) to (56). Due to the lack of reliable q'" values near the
end of the test section, the distribution of U is extended by dotted
lines to the known value at the boiler exit; At the boiler exit, the
superheated vapor heat transfer céefficient was estimated by the

conventional Dittus-Boelter equation, modified for helical flow as

follows:

0.
G.D
H e
(2)
(,“b)
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where the subscript b denotes the fluid properties evaluated at fluid

bulk temperature.

The local values of U were then used to calculate the local mercury
heat transfer coefficients from Equation (A74). All the local hHg results .
were tabulated for each individual heat transfer region (Tables 7, 8, 10, 11).
In the following section, a more detailed discussion of these hH values

is given.

2. Local Heat Transfer Coefficients and Correlations

Subcooled Liquid Region, hL

Results of subcooled liquid heat transfer coefficients are

summarized in Table (7). Figure (57) shows a comparison of the present

(14)

data to the conventional predictions by Lyon
(15)

Kaufman . When written in terms of helical flow parameters, these

and Lubarsky and

two equations are:

b D G, D C 0.8

kL € - 74 0.025( E—%f££_> (Lyon's Equation) (3

L L

h.D G.D C 0.4

t € - o0.625 (—E—%—EE) (Lubarsky - Kaufman Equation) (4)
L L

As shown in the figure, the mercury data fit well with the

kp

was less thant 250; when the Peclet number was larger than 250, the data

G
Lubarsky-Kaufman equation when the Peclet number, NPe = ( HDeCPL) »

were close to the prediction of Lyon's equation.
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Nucleate Boiling Region, hNB

Sixty-six local nucleate boiling data points were obtained
by the procedure discussed in Appendix (I) and were tabulated (Table 8).
Figure (58) presents the calculated heat transfer coefficients in the
nucleate boiling region’hNB’ versus the local heat flux, q", with mass
velocity, GHg’ ané saturation temperature, TSat’ used as parameters.
From these curves, it is clear that the mass velocity and saturation
temperature (or pressure) both have an effect in increasing the
nucleate boiling heat tiansfer coefficient. This can be seen more
clearly by comparing curves (5) and (7) for the mass velocity effect, and
curves (7) and (8) for the boiling temperature effect. Figure (59)
presents q" versus AT, where AT, the temperature difference between the
wall temperature and fluid saturation temperature, was obtained by the

following equation:

AT =T 11~ Tgat =

D‘I..Q

(5)

The approximate liquid metal forced convection heat transfer equation
(Nu = 7) and available mercury pool boiling data are also presented

in Figure (59) for comparison. The pool boiling curve and data point

at TSat = 950°F were cited from the test reported by Atomics Inter-

(16)

national . Another set of pool boiling curves for elevated saturation

temperature levels were obtained by extending the Russian pool boiling

a7 at 14,7 psia or 680°F. The pool boiling equation(l7)

equation
reads:

B " 0.57 2,
hPB = 10.4 (q PB) Btu/hr-ft -°F (6)
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(18),

The Cichelli-Bonilla correlation

n
qu _ é_’l_‘ ‘
(=), (5)
’ 8

was employed to obtain:

2.33 .
1 - q" (AT) (8)
9 pp c | AT )
c
where the critical heat flux and ATC were obtained from Zuber's Edquation

for selected saturation temperatures.

To examine the dependence of hNB on heat flux and quality, hNB was
plotted versus q" for selected data ponts having approximately the same
qualities, and verus x for selected data points having approximately the
same heat fluxes. Figure (60) shows that h increases with increasing
heat flux, whereas Figure (61) shows that hNB is virtually independent
of the local qualities for selected constant heat flux levels. Moreover,
the increase in hNB with mass velocity as shown in these figures can be

attributed to a heat flux effect since, in the two-fluid heat exchanger,

heat flux increases in proporation to mass velocity at constant quality.

To ascertain if any detectable trend existed in the data of

hNB as a function of radial acceleration developed by the helical

.

insert, Figure (62) was constructed by plotting hNB versus (1 + AR)’

~

where AR denotes the radial acceleration of the annular liquid at the

wall surface and is given by the following expression (6):
2
A = 2 XGHg nDi
- P (9D

R D.g f
1C pv pL/OV
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As shown in Figure (62), the effect of local radial acceleration AR is

an increase in the nucleate boiling heat transfer coefficient at the low
acceleration field or the low quality region, x<0.10 (since AR ~4x2)0

It can>be seen from this figure that the degree of increasing hNB by
radial acceleration isAgradually decreased as the quality is increased.
For x > 0.35, there is almost no effect on hNB by A Somewhat similarly,

R’
A (20)
the pool boiling data of Merte and Clark

showed the effect of
acceleration field on nucleate pool boiliﬁg of water. Their results showed
an increase in hNB with increasing acceleration fields at low heat fluxes,
and a decrease in hNB with increasing acceleration fields at high heat

fluxes. However, in the present experiments the reverse effect at higher

qualities was not observed, i.e., hNB did not decrease as the acceleration

field increased.

The evidence in Figures (60) and (61) that hNB was strongly influenced
by heat flux and much less influenced by quality, led to a further investiga-
tion of the heat transfer mechanism of wetted mércury boiling inside a
tantalum tube. As noted in Reference (21), a boiling mechanism termed as
"film evaporation', which is based upon conduction through the thin liquid
film with subsequent evaporation from the film surface, predicts the hNB to
be markedly influenced by quality and to decrease with increasing temperature
levels. References (21) and (22)note another boiling mechanism, "bubble
nucieation", in Which hNB increases with both heat flux and temperature
level. Hence, Figures (60) and (61) suggest that there may be bubble
nucleation for mercury in forced convection bulk boiling. Below is a more
detailed analytical study of these two heat transfer modéls. The analytical
flow pattern is assumed to consist of a thin, continuous, and concentric

layer of mercury liquid on the wall, with the remaining liquid entrained
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in the vapor core and traveling with the vapor.

Film Evaporation Model - The heat transfer mechanism is assumed

to be conduction from the wall to the liquid-vapor interface through the
thin layer of liquid on the wall. The vapor is then generated by
evaporation at existing liquid-vapor interfaces. Evaporation of the
entrained liquid droplets is neglected, and the interface is assumed to
be at the local saturation temperature. By utilizing the heat conduction
equation through the annulus liquid layer, the following expression was

obtained:

FESi 2

(10)
In DV

where DV denotes the diameter of the vapor core.

Equation (10), rewritten in terms of the average void fraction

and mass fraction of the entrained liquid is as follows:

h
FECi 3 -4
k - (11)

L 1o
L“[I—(Tﬁ) °y o (K-E) ]

oL,

where

it

K the slip ratio obtained from the continuity equation

oL (x ) 1-g
o 1-x
v " ( o ) (12)

the fraction of the entrained liquid flowing in the vapor core.

i

e}
i
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By assuming E = 0, Equation (11) reduced to the following simple

expression:
4k
h = L
FE - 13
TS In @ (9

The relationship between quality and void fraétion is given by the

momentum exchange model from Reference (23):

2
1-—x+x2 (pL\_l 1 - x\_ 1 (iay
1 - o o QV/ 2 t1T-a 2 ,
By simply letting the slip ratio equal one, the following was obtained:
p
1 X _L = 1 (homogeneous model) (15)
o 1l - x pV

Equations (14) énd (15) are plotted in Figure (63) for each saturation
temperature level. The void fraction g was then obtained from

Figure (63) by knowing the local quality. Subsequently, the heat transfer
coefficient due to film evaporation alone was calculated from Equation (13).
To obtain agreement between the heat transfer coefficient at zero quality
and the fully developed single-phase iiquid value, an interpolation
equation was proposed to obtain the heat transfer coefficient for the film

evaporation model in the nucleate boiling region. This equation reads:

(16

(h_) =[] h 2 h 2 %‘
TPFE*[L"FFE]
with hL calculated by Equation (3). As indicated by Equation (16), hTP

approaches the single-phase liquid value at low qualities and approaches

the film evaporation value at high qualities.

Bubble Nucleation Model - In this model, vapor is assumed to be

generated by the formation of bubbles at the wall of the tube, with
subsequent growth and transport of these bubbles through the liquid
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layer into the vapor core. The heat transfer coefficient was

obtained by a superposition of nucleate pool boiling and liquid

(24)
forced convection as recommended by Kutateladze , i.e.,:
(h ) . = hz%hz'%
TP'BN L PB] (17
where hL and hPB were evaluated by Equations (3) and (6), respectively.

The calculated hTP from Equations (16) and (17) were used for com-

parison with the present nucleate boiling data. The ratio of hexp
h
TP

is shown versus vapor quality and versus heat flux in Figures (64)

and (65), respectively.

As shown in these figures, the data correlated with the
film evaporation model are more scattered than those correlated with
the bubble nucleation model. In Figure (65), the well-grouped data
of the bubble nucleatioh model show the independence of vapor quality.
This strongly indicates that the mechanism of forced-convection boiling
mercury might be the bubble nucleation in the nucleate boiling region.
Furthermore, based upon the present results, a rather generalized

correlation equation for mercury heat transfer coefficient in the

nucleate boiling region is:

2 2
hNB_O.G[hL + hpg ] (18)

with h h given in Equatioms (3) and (6), respectively.

L’ "PB

A correlation of the nucleate boiling heat transfer coefficients

was attempted, based upon the following reasoning :
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(D

(2)

Thé results from Figure (64) and (65) suggest that there may be
bubble nucleation for mercury in forced convection bulk boiling.
It is a known fact that a boiling mechanism based upon this
bubble nucleation model predicts the heat transfer coefficent
to be markedly influenced by heat flux, virtually unaffected by

21
the vapor quality, and increased with increasing temperature level

22
Furthermore, the liquid metal pool boiling data of Bonilla( ),

for
which bubble nucleation is presumed to.occur, show an incresse

in heat transfer coefficient with both heat flux and temperature
level. On the contrary, a boiling mechanism based upon the film
evaporation model predicts the heat transfer coefficient to be
increased with increasing vapor quality, decreased with increasing
temperature 1eve1(21), and, probably, influenced by heat flux,
depending upon the particular analytical flow model chosen.
Therefore, the heat flux and saturation temperature (or saturation
pressure) are thought to be important parameters affecting the
heat transfer coefficient in the nucleate boiling region. The

local vapor quality is presumed to have no effect upon the heat

transfer coefficient in this region for all saturation temperatures.

The mass velocity, G, must also be a significant parameter affecting
the heat transfer coefficient. Physically, in the nucleate

boiling region with a thin liquid layer on the wall, the high

flow rate would shear off liquid frbm this annular layer to

increase the heat transfer coefficient.
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(3) The effect of the local acceleration field on the heat transfer

coefficient in the nucleate boiling region is neglected.

These three considerations resulted in the following functional relation:

hNB = (constant) (G)a (PSat)b (q")c (19

The expondent '"c¢'" was determined by taking an average slope from lines 1,

2 & 3 presented in Figure (58). The parameters G and P c did not vary

Sa
significantly among these lines in the determination of "c". Followiing

this approach, "c'" was found to be approximately 0.85. The exponent "b"

g

(q")O.BS versus PSa

approximate constant values of G. As shown in Figure (66), "b" was

was then determined by plotting on a log-log scale at

t

thus determined to be 0.54., Similarly, the exponent "a" was determined

from Figure (67) by plotting hNB versus G on a log-log
1 0.85 0.54
() (P_,.)

scale and was found to be approximately 0.65. Finally, from the correlating

plot in Figure (68),the dimensional constant wasvdetermined. The

correlation equation has the following final form:

4 0.65 0.54 q" 0.85 Btu

h o =3.09 x 10 (G) ~ (P__) (a™ Sy

(20
NB sat hr-ft

with a scatter band of t 20%.

Further effort was made to detect if any trend existed in hNB as

a function of the local acceleration field generated by the boiler

.6 0.5
insert. Figure (69) is a plot of the expression hNB/(G_)0 5(P ) 4

Sat
1" 0-85 . . O
(a) versus the local acceleration field, (1 + AR), where AR is
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obtained from Equation (9). The data in Figure (69) suggests that
the effect of the induced acceleration field upon hNB is either
negligible or is less than the data scatter of about z 20% over 1he

range covered.

Critical Heat Flux, q"C As described in Appendix (I), the omset

of the critical flux condition was determined by finding an inflection
point along the shell temperature profile. The critical heat flux data
obtained in this manner are tabulated in Table (9). Experiments in
pool boiling have indicated that thé critical heat flux is proportional
to the fourth root of the local acceleration (25) (26); therefore, the
radial acceleration produced by the helical insert might logically have
a similar effect on the criticalbheat flux in forced convection boiling.

As recommended in Reference (6), the crtical heat flux data can be

correlated in the following form,

(1 + AR)%I "

9 pBe

c 3
lopnf—35
)
c

where q"

(21

PBC is the critical heat flux for pool boiling, and the empirical

constant, n, can be determined by experiment.

References (5) and (6) correlated forced convection potassium
critical heat flux data reasonably well by using the form of Equation

Tt 6 2
(21). The value of ¢ was taken to be 10 Btu/ hr-ft , and

PBc

the constant, n, was empirically determined to be 2.

Following this procedure, the present Mercury critical heat flux

data can be reasonably well represented by the following equation:
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(1 + AR)% (10)6
q” = (22)

c X
1+ 4(L——>
X
1 - ¢

In Figure (70) the critical heat flux data are presented by
1"t

q
a plot of the expression ———E————I versus X , the quality at critical
c

(1 +4a)°
heat flux condition. Also in tﬁis figure, the boiling potassium

critical heat flux data from References (5) and (6) are plotted for

comparison.

To determine the effect of boiling temperature and mass velocity
on the critical heat flux, Figure (71) was prepared. The result shows
that there is no definite grouping of the data with respect to either

mass velocity or boiling temperature.

Transition Boiling Region, hTB

As described before, after onset of the critical heat flux

condition and before establishment of the superheated vapor

condition, the test section was in the transition boiling region.

This region was distinguished by the shell side temperature profile

as shown in Figures (21) to (36). In the constant heat flux boiling
potassium experiments,(s)the transition boiling region was observed

by relatively large tube wall temperature oscillations which increased
in amplitude when the quality was increased. However, as pointed out
by Peterson(e) in his two-fluid boiling potassium experiment, these
temperature oscillations were less in magnitude in the transition
boiling region for the two fluid case and the local heat flux decreased

with increasing quality. Furthermore, as concluded in Reference (6),

the maximum possible wall temperature was limited by the local primary
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fluid temperature, and it was possible that the film boiling region

was never reached.

The transition boiling data calculated following the procedures
in Appendix (I) are presented in Table (10). An aftempt to seek an
empiricel correlation of this data was made by considering the following
analytical flow model which is thought to exist in the transition boiling
region. The flow is assumed to consist of liquid droplets or patches on
the wall surface positioned in a random manner with the remainder of
the wall surface that is not covered by liquid to be exposed to

dry mercury vapor at local saturation temperatures. If the heat transfer

of the entrained mercury liquid is neglected in the vapor core, the
heat transfer mechanism for this analytical model can be assumed to be
local boiling for the liquid droplet and forced convection for the dry
vapor areas. Therefore, the average heat transfer rate can be

written by combining these contributions as!

q" - q" (_A_L_ + q" AV) (23)
~ave LB‘ AT 'VkAﬁ
" .
or
q" A A )
ave L v
h T coe— h — h _ (24)
B Tw TSat LB AT vx (AT
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where th indicates the vapor forced convection heat transfer coefficient
evaluated at local conditions with fractional mass of mercury vapor.

Alternately,the equation can be rewritten as:

h h
B Vx _ L (25)
brp T Pyx T

since AL + AV = AT.

The single-phase vapor forced convection heat transfer coefficient

evaluated at local conditions can be simply calculated by the equation:

Vx Vv (26)

with hV given by the conventional Dittus-Boelter or Colburn equations
modified for helical flow. The local liquid boiling heat transfer

coefficient, h can be approximately calculated by using the Cichelli-

1B’

Bonilla relation:
1.33

i AT
hp 7 Bipe (KTZ) 20

where hLBc is defined as the heat transfer coefficient at the critical

heat flux condition. For the purpose of simplification, if hV ~ h

V’
and hLB -~ hLBC, then Equation (25) reduces to
- h A
LBc v T
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A
The problem remaining is to evaluate the area ratio L . It is necessary
‘ ‘ T
to specify the size and density of the liquid droplets. To avoid
AL
complication in this respect, two simple approaches to evaluate -——

T
are proposed.

Case I Liquid Droplets with Constant Size - 1In this case, the

liquid droplets are all assumed to have a disk-shape with diameter, d,
and height, d. The number of droplets per unit area, n, is assumed

to decrease when the droplets start to boil. ‘COnsidering the liquid
volume within a small tube length, AL, tﬁe following equation is obtained:

nd3

(mpAL) n AT (1 -0) AAL ‘ (29)

. where AF = flow area perpendicular to tube axis.

Solving for n, Equation (29) yields:

(1L -a) A ,
D, [rd §
t ‘Z‘)

The ratio of liquid area to the total heat transfer area can thus be

written as:

(n DiAL) n (2563 _ n1rd2
4 - 4 (31)

>‘ >
t

T 7T DAL
i

Combining Equations (30) and (31) yields:

>

(1 —Ot)AF

wra (32)

e
t

The assumed droplet diameter, d, can be eliminated from Equation (32)
A .
by using the condition atd= dc’ and'KE = 1 (continuous liquid film
: T
up to critical heat flux point). Hence:
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1 - aC
d = (‘7‘7‘5‘“—) Ap (33)

Since the size of the droplet is assumed to be unchanged, Equations
(32) and (33) can be combined to yield a final expression for the area

ratio:

A
1 -
.A_L_ = (1_.__.3_) (34)
T c
Case II Liquid Droplet with Constant Density -~ Imn this case,

the number of liquid droplets per unit area is assumed constant, and
the disk-shaped liquid droplets shrink as fluid evaporates. From
equation (29):

1/3
4 (1 -a) AF
d = 5 (35)

n7 D,
1

Combining the above expression into Equation (31) yields:

2/3
AL nn [‘4(1-a) AF]
T [- n7 D, J
1 .
‘ AL
Using the condition ata = a.s and rolls 1 gives:
T
Di 2 .
n=47" —4/—mm——— (37)
(1-a) Ap

Finally, since n is assumed to remain unchanged as the fluid evaporates,

Equations (36) and (37) are combined yielding:

67



A 2/3

v —a ‘
== (1= ) (38)
T Q: :
. AL
With the expression in Equations (32) and (36) for ek the final formv
’ T

for correlating the transition boiling heat transfer coefficient can

be written as:

Case I Constant Droplet Size

Py Pyx 1- a ,
oo - (TTa -G89
LBC vx c

Case II1 Constant Droplet Density

- h 2/3

h

TB Vx 1 ~-a

h “h. {\1T-a ) (40)
1Bc Vx c

The ratio
1 o

can be written in terms of local quality and fluid
c
properties by using the continuity equation for two-phase mixtures.

This is:

1 - a' 1+ Kc < ;—) < - X?) ’ X o
X (41)

<

1 - xc PL

NS

<

b

oo 2
For mercury, the ratio D%— is negligibly small when compared with the
_ Py
PL

p
values of one: If also(-z~) , and if K is assumed to be constant

P,
: [

and numerically equal to Kc’ the equation can be simplified to:



(1 - x) Xc

ToE T T wy = (42)

Consequently the predictions for hTB can be further simplified from

Equations (39) and (40). For the constant droplet size case:

hTB‘= 1 +( hLBc _ 1 A -x) x, (43)
hv hV (1 - %) x

and for the constant droplet density case:

2/3
h h
1 - x)x
_hlli = 1+ hLBc -1 -———-----._( )%e ‘ (44)

These two equations fit two boundary points of the transition boiling

region, i.e.,

as X h iti
a—-xc Tﬁ__q-»hLBc (crlt}c§l heat flux
condition)
and
as x —um=1,0 h e h (superheated vapor
TB
starts)
h - -
Figure (72) shows a plot of { "tB ~ “vx \ (I - 2%, ysing
% versus I - %%
LBc Vx} c
the transition boiling data listed in Table (10). The values of hLBc

were taken from the critical heat flux results-in Table (9), and th
was calculated for mercury vapor at local temperatures by the modified
Dittus-Boelter Equation (2). This figure shows a remarkably good
correlation of the transition boiling data. Except for the regions
near the two boundary points, i.e., critical heat flux condition
and superheated vapor starting point, all the data can be represented
linearly by the following empirical expression:

0.68

- h (1 - x) Xc
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To see how good the analytical predictions would be for hTB in
Equations (43) and (44), Figures (73) and (74) were plotted using
those equations together with the present data. These figures show

that the analytical predictions yield much higher values when compared

to the experimental results.

Since the major assumption used in the derivation of these
analytical predictions was the negligible effect from entrained liquid
droplets, the discrepancies between the analytical predictions and the
experimental resulfs might be attributéd mainly to the liquid entrainment
effect. Following this argument, a parameter, , was considered as

the entrainment effect and was defined as:

‘Entrainment at any location in the transition boiling region
Entrainment at critical flux condition

(46)

Hence a series of parametric lines were added to Figures (75) and (76)
by introducing the parameter, (), to Equations (43) and (44). The
parameter O shows the inadequacy of the analytical flow models to
account for the actual picture of transition boiling. The parametric
line with 9 = 1.0 implies that the liquid entrainment throughout the
transition boiling region is kept virtually unchanged, and its value
is inherited from the critical heat flux condition throughout the
transition boiling region. In this way, all the data points were
identified from fhese figures as having their own individual () values.
A plot of Q versus ( 1 + AR) for each data point was then constructed,
as shown in Figure (75),for both analytical flow models considered.

It can be seen from Figure (75) that the entrainment parameter,n,

is strongly influenced by local radial accelerations developed by the
helical insert. Moreover, the value of () seems to approach its lower
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limit asymptotically as the value of (1 + AR) goes higher. This

result tends to confirm the interpretation of () as an entrainment

effect, since the radial acceleration should reduce entrainment.

The result also suggests that vortex inserts tend to eliminate the liquid
entrainment in the transition boiling region. However, the present
results only provide a gualitative conclusion about the entrainment
effect, and it is believed that more experiments with various sizes of
inserts should be carried out in this area before drawing a complete

picture of the entrainment behavior in the transition boiling region.

Empirical expressions for () in terms of radial accelerations
were obtained from Figure (75). For the constant density model:

0 =2.62 (1 + AR)_O'45 (47)

and for the constant size model:

6

-0.
0O =3.465(1 + Ag) (48)

It should be noticed that the expressions for () in Equations (47) and
(48) were obtained only on an experimental basis and under the present

test conditions.

Correlations for liquid metal in the transition boiling region

(5) (6)

were available from current literature As suggested in
Reference (6), the following expression was used to correlate potassium

transition boiling data:

IB -
h, b C
o \
ﬁ:B (LX_X) (Z\_T’ (49)
. A



Following a conclusion from pool boiling results in the gravity field(24),

the exponent a was given values of 1/4 to 1/5. B, b, and ¢ were determined
purely by the best fit with the data. As shown in Figure (76) all the

data grouped nicely when represented by the following equation:

h
(R -1)
h, L. g P35

= 4.75 x 103 (

5|~
S——

(50)

/5 X

1
(1 + AR)

It must be emphasized, however, that Equation (50) is primarily an
empirical expression covering only the present data range. Any

extrapolation outside the data range should be made with caution.

Superheated Vapor Region, hV

The superheated region is defined in the mercury temperature
profile as.the region initiéted by a sudden temperature rise. The local
heat transfer coefficients in this region were obtained by the
calculational procedure discussed in Appendix (I), and

the local data are summarized in Table (11).

The conventional single-phase prediction, the Dittus-Boelter
equation, was used for comparison with the data. To account for the

effect of the vortex insert, helical parameters were introduced.

The modified Dittus-Boelter equation(G) for helical flow through tubes
is therefore:
0.6 -0.2
c N
VH p/* GHDe
c G ™ = 0.023 7RE“ (51)
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where the subscript b indicates evaluation at local bulk temperature.
As discussed in Appendix (I), the helix parameter for heat transfer

was obtained for Equation (51) by employing the following relationship:

GH L 1 T ’
— = H = 1+ i ,
G, - \j @—P ) (52)

Hence, Equation (51) was reduced to: -

. . ‘ LH 0.8 Di 0.2

VH Va ] D {53)
e,
wifh hVa giﬁen, for axial flow only, as:
, , 0.4

h, = (" 03 Wk I »

va 5") 0.023 e 'EP"" , (54)
i ‘ b

To account for the helical flow effect, a heat transfer parameter,

Kh, was obtained from Equation (53), as follows:

0.8 0.2

th - - LH Di (55)
h Kh AL D

Va e

This is similar to the pressure parameter, Kp, which was defined in

Equation (A52).

Figure (77) shows a plot of the superheated vapor data
together with the brediction from Equation (55). The results shows
that the modified Dittus-Boelter equation with the heat transfer
parameter Kh is quite adequate to predict the heat transfer coefficient

for mercury vapor flowing in a tube with a helical insert. However,
the parameter Kh;in Equation (55) is good only for certain types of
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inserts; for instance, the use of Kh to predict hVH failed in the

wire coil insert region in the present test.

The mercury temperature profiles and fhe heat transfer data
for the wire coil insert region (beyond the tube length of 12 feet)
are recorded in Table (11) under Run Nos. 9, 10, 11, 12, 13 and 14.
It was found that introducing Kh as expressea in Equation (55) gives
an underestimate of the test results. Since there is no analytical
expression for Kh applicable to the wire coil insert, the only
evaluation for Kh is experimental. From Figure (78) which shows
results for heated air heat transfer coefficients with various types
of inserts in tubes(27),an.experimentally—determined heat transfer
parameter was obtained for the presently employed wire éoil insert
gebmetry (d/Di = 0.1428, P/Di = 0.97). The Kh value was found to be
approximately 2.6. The heat transfer data in the wire coil region
are shown in Figure (79) together with Equation (53) (using Kh equal
to 2.6), and the agreement is quite good. To show the deviation of
flow with a wire coil insert from‘axial flow, Equation (54) was also
plotted in Figure.(79). This result indicates that single phase
tests with air can be employed to predict mercury superheated vapor
heat transfer coefficients, even without an established theoretical

forumulation.

3. Local Two~Phase Pressure Drop

The local saturation pressures of boiling mercury at the
measured mercury saturation temperatures were obtained from the vapor
pressure curve, and the results were plotted in Figures (21) to (36)

for all the test runs. The local two-phase pressure gradients in the
boiling region, obtained through Equation (A75), are tabulated in

74



Table (12) for various positions along the boiling length.

Figuré (80) shows that the local two-phase pressure gradient varies
along the normaiized boiling length, in the low ahd intermediate
quality regions and becoming constant in the high quality region.

- ol .
In Figures (81) and (82), the effects of saturation temperature and

. d
mass velocity on the local variation of (ag) are presented. The two-
| dpj TP
phase momentum pressure gradients {dz TPm calculated by using
Equation (A77) are tabulated in Table (12), and selcted values are
plotted in Figure (82) for comparison. The two-phase frictional
dp

pressure gfadients I , calculated by subtracting the momentum

pressure gradient from.zig total gradient, are tabulated in

Table (12) and represented in Figures (83) to (85). In these figures,
the predictions from the modified Martinelli—Nelson model and the
homogeneous model were also plotted for comparison. The data

fall generally between 'the two pfedictions in the higher quality
region, x>90.3. The general trend of the present data, however,

is closer to the modified Martinelii—Nelson prediction; the homogeneous
model gives an underestimation of the two-phase frictional pressure
gradient. The elevation pressure gradient given in Equation (A78)

was found to be a small fraction of the total pressure gradient,
particularly in the high quality region. Hence, its contribution

dp
is neglected when computing \dz from Egquation (A76).' Using
d

-
the expefimentally—determined(agzpf, the local two-phase pressure
multipler(pdefined in Equation (A88) was calculated, and the results
are tabulated in Table (12). Figurés (86) to (91) compare these
experimentatlly-determined values with the modified Martinelli-~-Nelson
model and the homogeneous model predictions,‘showing that the present

data of‘¢pr fall between these two predictions and show better

agreement with the modified Martinelli-Nelson model. In the low
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guality region, both models underestimate the actual test data.

The final conclusion drawn from the present results is that the
pressure loss during forced convection boiling of mercury in tubes
containing helical inserts can be fairly well predicted by the modi-
fied Martinelli-Nelson model, provided the single-phase liquid pres-
sure losses are known. Predictions for single-phase pressure drop
through tubes containing helical inserts currentiy are available in

References (28) and (29).
C. Discussion

Certain assumptions were made in reducing the data as described
in the calculational procedures in Appendix (I). These assumptions
are summarized here and their effects on the accuracy of the data

are discussed.

Assumptions

(1) The outer shell wall temperature is taken as an average value
over the measurements by the five calibrated thermocouples located at
equal intervals circumferentially on the outer shell wall.

(2) The axial NaK bulk temperature gradient is equal to the axial
shell wall temperature gradient in the boiling region.

(3) The Dwyer's equation (Equation A5) for calculating the shell-
side NaK film coefficient is valid.

(4) Effects of the axial coﬁduction in the shell-side NaK flow
and in both the tantalum tube and stainlesé steel NaK layer containment
tube walls are negligible.

(5) Effects of uneven thickness of the boiler tube wall, NaK

layer, and NaK containment tube wall are neglected.
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(6) Axial variation of heat flux qn'the shell-side film co-
efficient is neglected.

(7) Heat transfer through the NaK layer is considered as conduction
only} Hence; the effect from natural convection of this thin layer
(0.0275-inch) is neglected.“ |

(8) Eccentriéity of the shell and tﬁbe alignment and its effects

on data measurement are not considered.

Validity of Assumptions

The validity of these assumptions was carefully examined. It
was f6und that the major uncetainty arose from the prediction of the
shell~side f£ilm coefficient by using Dwyer's.equation. vayer's pre-
diction for concentric anhuli (Equation A5) is based upon the condi-
tions (1) uniform heat flux at the inner wall, (2) fully developed
temperature and velocity profiles, (3) negligible axial conduction,
and (4) no effect of transverse temperature variation on the physical
properties of the flowing metal. Of course, none of these conditions
exist in the shell-side flow of the present two-fluid test. It is
possible to calculate the axial variation in the local heat transfer
coefficient for any arbitrary axial variation in wall heat flux, but
the calculations are difficult and, consequently, few results are
availabie. For the case of turbulent flow of low-Prandtl-number
liquids, there aie even fewer analytical predictions available to

Hsu(30) carried out

account for the variable wall heat flux effect.
computations for the case of sinusoidal wall heat flux distribution and
slﬁg-flow condition in pipes. It is believed that the slug-flow re-
sults in Reference (30) can be used to estimate the axial variation

of the heat transfer coefficient for turbulent flow if the Peclet

number is not too large (< 500). As shown in Figures (41) to (56),
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the present heat flux distribution for several test runs were roughly
approximated by sinusoidal distribution, excluding the end regions,
Figure (92), as cited from Hsu's results, shows the axial variation of

the local Nusselt number as a function of the non-dimensional pipe
N
Pe -
length, z/L, and a parameter, - At z/L = 0,5, the local Nusselt

number value is the same as that for uniform-wall heat flux, because
the heat flux in that region is relatively uniform. Excluding the
end regions, the axial variation of the local Nusselt number diminishes

N_eD 1 ('.\:DED )
as the parameter < decreases. For example, curve No. 1 T s 2.0
shows that the local Nusselt number could be replaced by the value
calculated for uniform-wall heat flux (at z/L = 0.5) over most of the
pipe length without producing any appreciable errors. For the present

N, D

Pe™ . .
test where the parameter —EE~1S equal to 1.52, the degree of uncertainty

T

in calculating the shell-side NaK film coefficient through Dwyer s
equation (based on uniform-wall heat flux) is approximately + 8% over

most of the axial length.

Additional analytical estimates were made which verify this con-~
clusion. A Nu profile plot analogous to that in Figure (92) is not
known to be available for any prescribed heat flux distribution and

turbulent flow conditions. Stein(jl)

has outlined a procedure for
determining the local Nusselt number for flow through pipes, annuli,

and parallel plates, where the velocity profile is established and

where the wall heat flux may vary as any arbitrary function of the axial

distance. TFor relatively long channel and axial distance not too close
to the end regions, Stein developed the equation:
® dn 1y
"+ J R EI——=np (¢ - t) (56)
o] pel U~-W-H-F b
n=1 d(z/De)



whgre hU—W—H-F = fully developed heat transfer coefficient for uni-
form wall heat flux. The coefficient Rn generally is a function of

hPr’ NRe’ and channel geometry.

Unforunately, Stein's work is only verified for the infinite

flat-plate case for which Rn can be computed from the relationship:

: n (NNu (NPe S-S |
R = DUV ) 1 5, <7

The first five values of the coefficients Cm and Ai are given

in Reference (31) for turbulent flow.

From Equation (56) we get:

)
Nu
U-W-H-F
W) = T (58)
A
local 1 + 1" X Rn d q .
4 p=1 d(z/p )"

Equation (58) was used in several runs of the present test to
check the effect of axial variation of heat flux upon shell-side
NaK conductance. In general, the results were‘consistent with the
trend indicated by curve No. 1 in Figure (92). Clearly, the computed
Equation (58) is not exactly for an annulus, in which case the co-
efficiengs Cm and Ai are not avaiiable at this time. It is felt, how-
ever, that Equation (58) does indicate ho& the local Nusselt number
would vary with axial length for the annular case since it is known
that the infinite flat-plate case is one of the limiting cases of an

annulus.
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Recent work on double heat exchangers also provides useful in-
formation on the prediction of local heat transfer coefficients.

(32) in a pioneering analytical study calculated the

Nunge and Gill
heat transfer characteristics for laminar counter current flow in
déuble—pipe heat exchangers. They based their analysis on a fully
developed flow conditibn and assumed negligible axial conduction in
both the heat exchanger walls and fluid streams. They obtained local
and asymptotic Nusselt number changes as functions of several standard
parameters. The results indicated that for long exchangers, say

NL S > 0.5, (in the present test L 5 = 0.67) a fully-developed

“Pee Pe e
U-W-H~-F coefficient may be used along almost the entire axial length.

However, Nunge and Gill's results are only true for laminar flow and

all liquids.

In the case of liquid metal, for turbulent flow as for laminar
flow, the local heat transfer coefficient is very much dependent on
- the thermal boundary conditions. For this reason, the results drawn
for laminar flow of any liquids in Reference (32) can be applied to
turbulent flow of liquid metal. In the absence of turbulent flow
results, it is probably appropriate to assume that the turbulent-
flow coefficient normalized with respect to the fully-developed
turbulent flow U-W-H-F coefficient is the same as the comparable

normalized coefficient for the laminar flow case.

Summarizing all the foregoing discussions on the validity of
Dwyer's equation to calculate NaK film coefficient, it is felt that

the degree of uncertainty on h would approximately be 8%. This

Nak
uncertainty is probably greater if the axial conduction in the shell-

side stream and eccentricity are present.
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Estimates were also made of the axial tube wall conductions and

were found to be negligible.

Nc estimation was made on the heat transfer mechanism through
the Very confined static-NaK layer with an averagé thickness of 0.0275-
inch. * It is conceivable that somé unstable, free-convection cells
might set up and some temperature fluctuations might prevcil at any
axial and lateral positions. Howevcf, the complex flow pattermns and
thermal conditions which might exist in this layer generally preclude

the feasibility of any analytical attack.

The assumption of the axial shell wall temperature gradient in
calculating local heat flux in the boiling region was justified
through several heat balance calculations. The results generally

checked within 5%.

Finally, it is believed that the average shell wall temperature
taken over the five wall thermocouples would definitely eliminate
part of the effect coming from eccentricity of the tube-and-shell

alignment.

Accuracy of Data

Local Heat Flux, q'' - The degree of accuracy on the local heat
flux calculation depends upon the-assumption of the local shell wall
temperature gra&ient and the way to obtain it. Through occasional
heat balance checks and very careful performance on graphical dif-
ferentiaﬁion in obtaining the local temperature gradiemt, it is be-

lieved that the accuracy on local heat flux is approximately 67%.

Local Overall Heat Transfer Coefficient, U - The accuracy of
U, obtained from the local heat flux and the shell~ and tube-side
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fluid temﬁeratures, depends primarily on the accuracy'of those wvalues.
It is estimated that the present data for U may have a probable error
of 10%. The local mercury saturation temperature required is the cal-
culétion for U is determined from the temperature profile measured by
insert thermocouples. The helical insert employed in the present test
induces a swirling motion in the flow and imposes radial acceleration
on the fluid. If the flow pattern is visualized as a relatively thin
layer.of liquid adjacent to the wall with a vapor core, then there
exists a radial pressure difference between the fluid close to the
wall and that at the centerline. If it is assumed that the vapor is
saturated at the centerline then the centerline temperature (measured
by insert thermocouples) must be corrected to obtain the saturation
temperature close to the wall for use in the calculation of U. Such
corrections can be made through using the following equation from
Reference (5):

e % (?LDj_) T vy [1 ) (&_b_?) (59

w cb 2 J hLV Di

However, it is found that such corrections are generally not necessary

when evaluating the local overall heat transfer @oefficient U.

Combined Wall Conductahce, Ucw - The combined wall conductance,
including those thermal resistances from the NaK film coefficient,
stainless steel tube wall, static-NaK layer, and tantalum tube wall,
has a variety of implicit errors. The major portion of error (approxi-

mately 10%) comes from the method of predicting h as previously

NaK
discussed. No analytical estimates were made on tube and annuli wall
thermal resistances, as they may be effected by their uneven wall

thicknesses. Also, no estimate was made on the natural convection
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effect on the heat transfer rate through the very thin static-NaK
layer. The relative thermal resistances for this composite étructure
are presented in Figure (93) and the one for the static-NaK layer was
obtained by treating it as conduction only. As the figure shows the
NaK film coefficient resistanée occupied almost of the total combined
resistances. The resistance of the static-NaK layer, in which the
natural convection effect was ﬁot considered, only occupied about 15%
of the total resistance. In thisArespect, uncertaiﬁty in predicting
the static-NaK thermal resistance will not appreciably affect the
accuracy of Ucw' Allowing additiohal uncertainty due to these unknown

effects, the probable error in U is estimated to be 15%.

Local Mercury Heat Transfer Coefficient, hHg - The mercury heat
i transfer coefficients for various regions throughout the boiler were
obtained by subtracting the combined thermal resistance-UcW from the
overall resistance U calculated from local heat flux and temperature
measurements. Hence, the accuracy of hHg will vary for different
heat transfer regions. In Figure (94) typical data of hHg are pre-
sented and the subtractipn performed to obtain these local values of
hHg is also illustrated. Consequently, a detailed error analysis
can be performed on hHg by using Figure (94) and the probable maximum
errors for U and Ucw discussed before. In general, the analysis in-
dicated that no serious error (less than 15%) can be made in hHg ob-
tained in the transition, subcooled liquid, and superheated vapor
regions, since over these regions the mercury thermal resistance is
a relatively large fraction of the overall heat transfer coefficient.
However, for.the nucleate boiling region, as shown in Figure (94),
the accuracy on hHg decreases as hHg is taken from locations closer

to the critical heat flux point where the thermal resistance is small.
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The worst case might happen as the expected errors in the prediction
of UCw are 1aiger than the indicated mercury heat transfer coefficient
taken close to the end of the nucleate boiling region. Typical ex~
amples showed that when hHg was 5500 Btu/hr—ft2~°F or larger, the
estimated error for hHg might exceed 357 if a 10% error for U and a
15% error for UCw were assumed. For this reason, when establishing
the correlation equation for hHg in the nucleate boiling region,

hHg values over 5500 Btu/hr—ft2—°F were not employed.

Critical Heat Flux, q'é - The critical heat flux data is believed
more accurate than hHg data and is estimated to have a probable error
of 15%. The accuracy of q'é primarily depends on how well the local
graphical differentiation is performed along the shell temperature

profile and on how accurate the critical heat flux point is located.
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V CONCLUDING REMARKS

A considerable amount of experimental and analytical information
on forced convection boiling of mercury.in a tantalum tube has been
obtained from the present investigation; The results presented in this
report include both local and average heat transfer and pressure drop
data from subcooled liqguid to superheated vapor conditions for mercury
at saturation temperatures from 975°F to 1120°F. The experimental data
and the associated correlations are directly applicable to the design of
once-through boilers for Space Power Rankine Cycle Systems employing
mercury as a working'fluid. Specific conclusions with respect to

the heat transfer and pressure drop of boiling mercury follow.

A. Heat Transfer
(1) Liquid mercury heat transfer coefficients, hL’ were found to

2
be in the range of 980 to 1850 Btu/hr-ft -°F. They are in fair agreement
. . (15)
with the Lubarsky-Kaufman equation
GDC
Hep

when the modified Peclct

(14)

Number, NPe = » is less than 250, and with Lyon's equation
when Pe is greater than 250. Both equations were evaluated using helical

flow parameters.

(2) The mercuryknucleate boiling heat transfer coefficient, hNB’
2
2
was found to be in the range of 2100 to 7050 Btu/hr-ft“-°F, Generally,

they increase with increased heat flux (Figure 60) and are virtually
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independent of quality (Figure 61). However, for quality less than

0.15, h increases slightly with increasing quality.

NB
(3) Vortex generator inserts were found to increase h for the
quality range less than 0.10. 1In the quality range'0.10<}<<xc, the

increase in hNB duc to insert is graduallly diminished.

(4) The héat transfer mechanism in the nugleate boiling region is
believed to be bubble nucleation. This conclusion is supported by the
fact that the measured hNB increases with increasing heat flux and is
virtually independent of quality (Figures 60 and 61). A qualitative
study concerning the heat transfer model also affirmed this conclusion

(Figures 64 and 65).

(5) Empirical correlation of hNB (Figurec 68) shows that hNB
increases as the mass velocity and saturation pressure increase and
approximately in proportion to the 0.85 power of the heat flux under

the present test conditions.

(6) The critical heat flux q"c was found to be in the range of
5 5 2 "
1.86 x 10 to 4.5 x 10 Btu/hr-ft . The value of g o Vas found to
decrease with increasing local vapor quality (Figure 70) and to increase

approximately in proportion to the fourth root of the local acceleration

field.

(7) Effects of mass velocity and saturation temperature on the

critical heat flux were not observed within the present range of experimental

data.
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(8) The transition boiling heat transfer coefficient, hTB’ was
found‘to be in the range of 1530 to 6500 Btu/hr-ft2-°F. The values of
hTB generally decrease with increasing quality or with decreasing heat
flux.

(9) Local data of hy, were successfully correlated by the equation

suggested in Reference (6). The correlation (Equation 50) states that

hTB decreases with increasing vapor quality, increases with increasing
local acceleration field, and decreases with ihcreasing wall to fluid

temperature difference.

(10) Liquid droplet entrainment was suggested to be significant in
the transition boiling region and to be‘strongly dependent upon the local

acceleration field developed by the insert (Figure 75).

(11) An analysis based on adopting a flow model of constant droplet
number in the transition boiling region was successful in correlating
the present transition boiling heat transfer data after introducing the

entrainment parameter (Figure 72).

(12) The large differences between wall and fluid temperature which
characterize the film boiling region were not observed in the present

two-fluid, temperature-controlled experiment.

(13) The superheated vapor heat transfer coefficient, hV’ is in
the range of 45 to 110 Btu/hr—ft2—°F. The hv values can be generally
correlated in the helical insert region by the conventional Dittus-Boelter

equation after introducing the helical flow heat transfer parameter, Kh

(Equation 55). 87



(14) 1In the case of the wire coil insert, the Dittus-Boelter equation
fails to correlate the test data for hV even after being modified for
helical flow. The heat transfer parameter, Kh, was found to be 2.6 for
the present wire coil insert geometry, P/Di = 0.97 and d/Di = 0,1428,

agreeing with measurements made with air reported in Reference 27).

B. Pressure Drop
(1) Single-phase pressure drop for the helical insert can be
‘predicted with reasonable accuracy by using the conventional Fanning
equatioy after introducing a pressure parameter, Kp’ for the helical

flow condition.

(2) Single-phase pressure drop for the wire coil insert can not
be predicted by the same method as the helical insert. The pressure
parameter, Kp’ was found to be 23 + 227 for the present wire coil insert
geometry P/Di = 0.97 and d/Di = 0.1428, agreeing roughly with measure-

ments made with air reported in Reference (27).

(3) Local two-phase pressure gradients were found to be dependent
upon the boiling length. They increase rapidly as the boiling starts
and gradually become constant as the end of the boiling region is

reached.

(4) Local two-phase momentum pressure gradients were found to be
only about 10 percent of the total two-phase pressure gradients. Hence,
the frictional pressure gradients dominate the pressure drop in the two-

phase region.
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(5) Local two-phase pressure gradients were found to fall genmerally
between the prediction of the modified Martinelli-Nelson model and the

homogeneous model.

(6) 1In the low quality region, both predictions give an underestimate

of the two-phase frictional pressure gradient data.

(7) The two-phase frictional pressure gradients were found to
increase with decreasing saturation temperature in the low quality
region and to decrease with decreasing saturation temperature in the

high quality region.

(8) Experimental results show that the two-phase frictional pres-
sure drop multiplier can be predicted with reasonable accuracy by using
the Martinelli-Nelson correlation modified for mercury. The homogeneous

model, though simpler in use, was found to be'inadequate to predict the

multiplier.

(9) Effects of mass velocity on the two-phase pressure drop multi-

plier were apparently not significant in the present test ranges.
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SNAP-8 Single Tube Boiler Temperature and Pressure Profile.
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Figure 30.

SNAP-8 Single Tube Boiler Temperature and Pressure Profile,
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Figure 33, SNAP-8 Single Tube Boiler Temperature and Pressure Profile,
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Figure 35,

SNAP-8 Single Tube Boiler Temperature and Pressure Profile,
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Figure 36, SNAP-8 Single Tube Boiler Temperature and Pressure Profile,
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Figure 41. Local Values of Heat Flux and Overall Heat Transfer Coefficient
for Mercury Once-Through Boiling Runs,
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Figure 43, Local Values of Heat Flux and Overall Heat Transfer Coefficient
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Heat Flux, q'", Btu/Hr-Ft

1150°F

1090°F F Pool Boiling, Ref. (17)

7x106__ -/ 1020°F

6x10 =~
(Haynes~-25) “‘i}Pool Boiling at

o
5x10 950°F, Ref. (16)
/S

4x10

3x10

Critical Heat Flux Levels

2XlO5
Forced Convection, Eq. (2)

1250°F
1150°F
1050°F

950°F

G Tsat

4

6x10 (Lb/Sec~Ft2) (°F)

5,104 O 192 1120
A 185 1120

4x10%4 A 177 1110
® 158 1100

2e10® O 141 1090
B Ref. (16)

2X104 | | ] | ] b b

10 20 30 40 50 100

Temperature Difference, AT = Ty -~ Tgat, °p

Figure 59. Mercury Nucleate Boiling Heat Transfer Data From a 0.67-Inch
ID Tube With Helical Insert (P/D = 2.0), q" Versus AT.
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Void Fraction, o, Dimensionless

1.0p

0.9~ / - -
- /
7
0.8-— /
x\ 1400°F
0.7
/
1100°F
800°F
Momentum Exchange Model
Eq. (14)
~—— — Homogeneous Model, K=1 in Eq(12)

I _ ~._K =,pL/pV in Eq. (12)
0.3/ .

f —— ~--=-K = 3’pL/pV in Eq. (12)

1
0.284 1

|
0.1”

0 | | | | l | | 1 ! J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Quality, X, Dimensionless
Figure 63. Mercury Void Fraction as a Function of Quality for Various Flow Models.
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- \:F::\\\\ hpred. calculated by Bubble
R Nucleation Model
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1.8 [ hpred.
Evaporation Model
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N o o
1.4 . - 975°F < TSat‘< 1120°F
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Figure 64. Comparison of Heat Transfer Models for Mercury Boiling
at Wetted Conditions.
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0 Nucleation Model
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Figure 65. Comparison of Heat
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Transfer Models for Mercury Boiling

at Wetted Conditions,
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1 0.85
hNB/(q )

0.50 ;
158 < G < 192 Lb/Sec—Ft>
0.40 —
-

0.30 —
0.20 —

Exponent a = 0,54 Determined for

Equation (19)
0.15F
0.10 L | ‘ | i |

100 150 200 300 400 500 600

Mercury Saturation Pressure, Pgg¢, psi

Figure 66. Functional Relation Between h /(q")O'85 and P According

to the Mercury Nucleate Boiling Data. Sat
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< 2 Determined for Equation (19)
3x1073
2X10—3 N ) PR W | i i i ;
30 50 70 100 : 200 400 600

Mercury Mass Velocity, G, Lb/Sec~Ft?2

0.85 0.54)]

Figure 67. TFunctional Relation Between hNB/[(q" )(PSat
and G According to the Mercury Nucleate Boiling Data.
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Heat Flux, q", Btu/hr-ft2

Figure 68. Correlation Plot of Mercury Nucleate Boiling Data.
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113

q

<, Btu/hr—ft2

%4

6eT

Critical Heat Flux Parameter

8x105 - Di’ Helix G, 2 TSat:’ Tested
. ~ Sources | in. | P/D 1b/sec-ft OF Symbol | . Fluid
Ref. (6) | 0.67 ]| None | 29 to 101 1553 to 1705 ® Potassium
N : 0.67f 6 34 to 45 1603 to 1687 o
7x107 |— 0.92] 6 | 18 to 38 1521 to 1675 a
: 0.92} 2 16 to 19 1541 to 1655 O
Ref. (5) | 0.77| None | 15 to 22 2100 A | Potassium
P 105 , 10.42| None | 31 to 62 1838 to 2106 v
**r 0.74| 6 16 to 22 2100 A
:M ' This Paper | 0.67]| 2 81.5 to 192) 945 to 1120 \'4 Mercury
|+ 5
- 5x107 p=—
L
4x10° ¥
® ®
. 13}
s ® 4c 10%
; .
3x107 |~ , (1 +A)" Xe
® .' e ® AR 1+ 2‘ 1 -
Y 0
50 vv \9%08 ¥ -
2x107 p~ : L I T a
, @ o
v 4 [ ]
5 (1 + AR)L& - Xc V v ) 8 v a A
1x107 = 1+4 1 - xcvi) Vg © ' v A‘ Vv A
- g
. s a s s s ; ! >
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Quality, x, Dimensionless
Figure 70. Mercury Critical Heat Flux Results and Correlations Compared with Potassium

Results from References (5) and (6).
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hTB - hVX

Dimensionless Group, h

- h
c VX

B

L
e
o

1.0
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(=]
~3

0.5

0.4

0.3

81.5 < G < 192 (lb/sec-ftz)
975 < T. . < 1120 (°F)

i i I | I I '

Analytical Prediction by Equation (39)

hTB - hvx [(1 - X)Xc]
=0 JE.—
(1 - xc)x

Sat

-
—
- @
/ 8 = 0 (Zero Entrainment)
:
(Y7
Z,
Yy
> | | | | | | | l |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
(1 - x)x
. . d
Dimensionless Group, TR
c
Figure 73. Correlation Plot of Transition Boiling Data by Assuming Flow Model with

Constant Droplet Size.
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1.0 { [ Analytical Prediction by Equation (40) i T
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w 0.8
B
1
el
Bl 0.7 = 0.65
N
& ) 0.6
& 0.6 —  81.5<G < 192 (1b/sec-£t") ///”///,,f’
)
m o 0.55
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.E . /
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Q = 0 (Zero Entertainment)
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0 ] | | | | ] | |
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Figure 74. Correlation Plot of Transition Boiling Data by Assuming Flow Model with
Constant Density of Droplets.
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Entrainment Parameter, ¢

1.0

-0.45 - ©
L= 2,62 (14 ay 0093
R
O {Constznt Dronlet Density) -
| s ? s ,
10 20 30 40 50

Local Acceleration Field

1+ A !
(14 R)gs

Figure 75. Liguid Entrainment as Affected by Local Acceleration
Field in the Transition Boiling Region.
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Heat Transfer Parameter, kh, Dimensionless

160

10

_. Predicted by Equation (55)
with 0.25 in. Centerbody Helix

Predicted by Equation (55)
with No Centerbody Helix

poid

0.03 0.1

Insert Pitch-to-Diameter
<o d/p,
H
Wire Coil Insert
O
O
@

Helical Vane Insert ch

Ratio, P/Di’ Dimensionless

0.0317

i

0.0463 Ref. (28)

= 0.0634
= 0.1428 Ref. (27)
= 0.25 Ref. (27)

Figure 78. Measured Heat Transfer Parameter vs. Insert

Twist Ratio.
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] | - Equation (53),
& " .‘ Helical Flow, Kh = 2.6
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~——
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Figure 79. Superheated Mercury Vapor Heat Transfer Data in
the Wire Coil Insert Regionm.
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Two~Phase Frictional Pressure Drop Multiplier, ¢,' Dimensionless

400

100

10 -

G = 81.5 1b/sec-ft>

dp
ok = Vpr/py for (B—E)TPM
‘k = 1 for %E
Z/TPM

Homogeneous Model

o« —~Modified Martinelli-Nelson
Model
l | | | l
0 0.2 0.4 0.6 0.8 1.0

Quality, x, Dimensionless

Figure 86. Comparison of Experimental and Predicted Two-Phase
' Friction Pressure Drop Multiplier at TSat ='975°]E‘.
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Two-Phase Frictional Pressure Drop Multiplier, ¢, Dimensionless

300

100

10

114 1b/sec—ft2

=
il

VpL/pQ'for (%g)
TPM

k =1 for (%g)
TPM

Homogeneous Model

—— e = Modified Martinelli-Nelson Model

Figure 87.

.2 0.4 0.6 0.8 1.0

Quality, x, Dimensionless

Comparison of Experimental and Predicted Two—Phage
Friction Pressure Drop Multiplier at TSat = 1060°F.
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Two-Phase Frictional Pressure Drop Multiplier, ¢, Dimensionless

300 p~

100 |— | s

G = 143 1b/sec-ft>

k = VpL/pV for (gg)
o TPM
101 @ k =1 for (%E)
Z/TpM

Homogeneous Model

wwe = — Modified Martinelli~Nelson Model

. | | | | [
0 0.2 0.4 0.6 0.8 1.0

Quality, x, Dimensionless

Figure 88. Comparison of Experimental and Predicted Two-Phase
Friction Pressure Drop Multiplier at TSat = 1080°F.
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Two-Phase Frictional Pressure Drop Multiplier, ¢, Dimensionless

300

100

10

141 < G < 163 1b/sec—ft2

(@) k = /f);/pv for (%g)
TPM
@ k = 1.0 for (%E)
Z/rpM

Homogeneous Model

v o— = Modified Martinelli~Nelson Model

| | I | |

0 0.2 ‘ 0.4 0.6 0.8 1.0
Quality, x, Dimensionless
Figure 89. Comparison of Experimental and Predicted Two-Phase

Friction Pressure Drop Multiplier at Tegr = 1100°F.
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Two-Phase Frictional Pressure Drop Multiplier, ¢, Dimensionless

200

100

10

158 < G < 191 1b/sec-ft>

= VpL/pV for (QE) v
TPM

P
|

dz

® x

1 for (%5)
i TPM

Homogeneous Model

—— — w Modified Martinelli-Nelson Model

Figure 90.

0.2 . 0.4 0.6 0.8 » 1.0

Quality, x, Dimensionless

Comparison of Experimental and Predicted Two-Phase

Friction Pressure Drop Multiplier at TSat = 1110°F.
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Two-Phase Frictional Pressure Drop Multiplier, ¢, Dimensionless

200

100

10

176 < G < 192 lb/sec—ft2

k = VpL/pV fory<%g)
Z/rpM
® k-1 for (%)
TPM

Homogeneous Model

~ «— «— Modified Martinelli-Nelson Model

| I | ] |

Figure 91.

0.2 0.4 0.6 0.8 1.0

Quality, x, Dimensionless

Comparison of Experimental and Predicted Two-Phase

Friction Pressure Drop Multiplier at TSat = 1120°F.
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Thermal Resistance, (hr—ftz—oF/Btu)
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Figure 94 . Typical Data for Local Heat Transfer Resistance from Test Run No.
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APPENDIX I CALCULATIONAL PROCEDURES

A. Determination of Conceptual Heat Transfer Regions

As shown schematically in Figurei(95), the test section temperature
profiles for primary NaK flow and secondary mefcury flow were recorded
frbm the measurements of 60 shell thermocouples, 7 boiler insert thermo-
couples and 8 inlet and outlet well thermocouples. With the aid of theseA
temperature profiles, the various conceptual heat transfer regions dis-

cussed in Chapter (IV) were determined as follows:

The length of the subcooled liquid heating region, Lsc’ assumed
numerically equal to the distance from the start of the heated length to

the point of boiling inception, z

1p® ¥as obtained directly from the cal-
culation of Z1g" A single?phase heat transfer calculation gives:
ng CHg (THgIB " THgi) (Al)
Lse 21859 4T (m,)
sc  sc i
The mercury temperature at the boiling inception point, T s was ob-

HgIB

tained either from the insert thermocouple measurement or from the mercury

saturation curve by assuming that T is equal to the saturation tem-—

HgIB

perature corresponding to the measured mercury inlet pressure PHgi'
Thus, the liquid mercury pressure change between boiler inlet and boiling

inception point was small and could be neglected.
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The average overall NaK-to-mercury temperature difference in the

subcooled heating region, ZT;C, was calculated as follows:

— (TNaKo - THgi) " (iNaKIB - THgIB)
AT = 2 — (A2)
1n NaKo Hgi
T - T
NaKIB ~ HgIB

with the NaK temperature at boiling inception, TNaKIB’ given by:

W, C T - T ) ~
Hg “pHg ( HgIB ~ “Hgo (43)

T =T
NaKIB NaKo wNaKCpNaK

The overall heat transfer coefficient in the subcooled heating regicn,

Usc’ was calculated from the individual NaK, composite wall and liquid

mercury heat transfer coefficients as follows: (see Figure 9)

Doa Dia
{ D, 1n -D—._— Diln -I—)———
ia o]

1
+ +
Doa 2 k 2kNaK

; |
Do (A%)
D, L }“1

k L .

The shell-side NaK flow heat transfer coefficient, hs, was calculated
(33)

2

from Dwyer's equation for concentric annuli as follows:

k Y
_ NakK
hS = De a + B (EN NPr) (A5)
where o = 4.82 + 0.69(Y)
g = 0.0222
0,053
y = 0.758(Y)
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and

E = 1- ‘ S (a6)

Values of (fﬂs are provided as a function of the Reynolds number in
max

v
Reference (7) for the condition of fully developed turbulent flow of

liquid metal.

In the present experiment, the shell-side NaK flows were held almost
constant at about 7075 lb/hr (+ 3%) and the NaK average temperatures
were kept at about 1270°F (+ 3.5%). In this manner the shell-side heat.
transfer coefficient calculated from Equation (A5) had almost a constant
value of about 2836 Btu/hr-ft2—°F (+ 1%Z). In Figure (94), the shell-
side and composite wall thermal fesistances of the single test boiler
are given. A shell flow and wall combined heat transfer coefficient,
UCw was then calculated to have a value of 1520 Btu/hr-ft2—°F when
referred'to the tantalum boiler tube‘inside diameter. Ly6n's equation

was employed to calculate the mercury liquid heat transfer coefficient,

hHgL’ as follows:

12k, o G, D C 0.8
h = —B2 | 7 40,025 —=R | (A7)
HgL D, m

where GH’ denoted as the helical mass velocity is:

2

- (1D, |
o PE— At
GH Ga 1 P {(A8)

and the equivalent diameter, De’ following its usual definition, is

evaluated as:
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L))

b = (A9)

® L 2,1/ P
D. Il D,

1 1

Equations (Al) through (A6) were then used to predict the length of the

subcooled heating region, Lsc'

The critical heat flux point, z,, as shown in Figure (95), was
determined by assuming that’the maximum heat flux occurs at this point.
This was done by employing a local graphical differentiation along the
smooth curve of the NaK temperature profile, since the local heat flux
is proportional to the shell-side flow temperature gradient. The axial
position at which vapor superheating commences, Z1gs is assumed to be

the point at which the mercury temperature begins to rise, as shown in

Figure (95).

Finally, the lengths of the various heat transfer regions of a
once-through boiler are determined as follows:

Length of subcooled liquid region LSC = Zp

Length of nucleate boiling region LNB =z, - Zp

Length of transition boiling region LTB = 2Zy9 " 2,

Length of superheated vapor region LSH =z, = Zg

With the total boiler heated length z, = 16 feet and predetermined

values of LSC and L - for each test run, the nucleate boiling and

S

transition boiling regions were easily determined by:

Lyg = %2¢ ~ Lge @nd  Lyp = 16 - L.~ Loy - Lyg (A10)
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B, Average and Overall Results

AVERAGE HEAT FLUX, q"

The net rate of heat transfer for the mercury boiler was given

by:

O net = wNaKCNaK(TNaKi - TNaKo) = Qoss (A11)

where QLoss’ the heat loss, was obtained at the average NaK temperature

from the heat loss calibration runs given in Figure (19).
The heat transferred in the subcooled liquid region was given by:

Q.. =W T

‘sc HgCHg ( THgIB - (A12)

ﬁgi)

where T was evaluated from the saturation curve by knowing P

HgIB Hgi®

The amount of the heat transferred in the superheatéd vapor region,

QSH’ was determined from the mercury temperature rise as follows:

WH (A13)

Un = Vg Cugy (THgo - THgIS)

where THgIS was provided by the mercury temperature profile as measured

by the boiler insert thermocouples.

Hence, the net heat transferred to boil the mercury was calculated

by:

QB = QT,n‘et - Qsc - QSH (a14)

With the heating lengths for the individual heat transfer regions de-
termined, the average heat flux in each region was thus célculated by

these equations:
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Q

0y SC

U L (A15)
‘ i sc

q". = ~8§—— with L, =z_~-L_ - L (Al6)
B~ ID,Lp° B t sc SH

Q

— SH

L T (A17)
SH HDiLSH

Furthermore, the average heat flux in the nucleate boiling‘region was
obtained from the NaK temperature profile provided by the boiler shell
thermocouple measurements. Assuming that the temperature gradient
along the shell is approximately equal to the shell-side flowing NaK
temperature gradient, the following average shell temperature gradient

was used to calculate the average heat flux in the nucleate boiling

region:

- - WNaK.CNaK dTNaK _ Tn (A18)

9 nB D, dz Loss - ‘
where the average heat flux due to heat losses is given by:

Q
- L
" -
9 Loss I Dizt (A19)

Hence, with the heating length of the nucleate boiling region determined,
the amount of heat transferred in the nucleate boiling region was easily

calculated by:

= 1]
Qup = 05 Lyg 9 gy (420)

Finally, the heat transferred in the transition boiling region was ob-

tained from the following equation:

g = Uper ™ e ™ By~ s

(a21)

% -~ U
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and the average heat flux in this region was obtained by:

Q
- TB
qQ". ., = ———— _ (A22)
TB ‘HDiLTB ‘

with LTB‘calculated from Equation (Al0).

AVERAGE OVERALL HEAT TRANSFER COEFFICIENTS, U

With the average heat fluxes for each individual heat transfer

region determined, the average overall heat transfer coefficients, U,

for each region.were calculated by:

N - . .
Usc =4 sg///ATosc (423)

where ZT;sc is the average overall NaK to mercury temperature difference

in the subcooled liquid region calculated by:

_ ("sako ™ "mgi) ~ ("waktr ~ Tng1s)
os¢ TNaKo " THgi
Inlg - T
NakIB ~ "HgIB

The temperature notation in the above equation is illustrated in

(A24)

Figure (95).

Similarly, the average overall heat transfer coefficients for the
nucleate boiling, transition boiling, and superheated vapor regions were

~‘calculated as follows:

_ q
T =B (A25)
[e]
_ "C'I'n ‘ :
Uy = 1B o (A26)
BT op : :
(o]
E" v
T, = —>oH (a27)
SH KT
0SH
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The average overall NaK to mercury temperature difference, (KTg, vas

obtained from the following equations:

("ware ™ Tige) ™ (Tvaxrs = Tugrn)

(AT)ng = T - T (A28)
< NaKc Hgc )
in T —
‘ NaKIB HglB
&) _("waxzs ~ Tngrs) T (Twake T Tmge) (429)
T8 X ( Tyakts ~ Tug1s
"LTT =T
NaKe Hge
3T - ("wari ~ Thgo) ~ (Twakrs ~ Twgis) 430)
dsH T .- T
1in NaKi Hgo

TNakTs ~ THgIS

where the NaK temperature at the point where vapor superheating starts,

TNaKIS’ and the NaK temperature at the critical heat flux point, T

NaKc?®
are:
Q
SH
T =T . - (a31)
NaK1is NaKi wNaKCpNaK
and
Q
B
T = T - (A32)
NaKec NaKIs wNaKCpNaK

with QSH and QTB previously known from Equations (Al3) and (421),

respectively.

AVERAGE MERCURY HEAT TRANSFER COEFFICIENTS,‘E

The average mercury heat transfer coefficient for each heat transfer

region was calculated from the average overall heat transfer coefficient,
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U, and the combined wall and shell-side heat transfer coefficient, ﬁgw'

For instance, in the subcooled liquid region Egc was calculated by the

equation:
-1
R =[:L—:l_-—] (433)
scC U U
sc cw '

where the combined wall and shell-side heat transfer coefficient, U ,

is given by:
I Doa Dia Do 1
_ 1 Diln (-ﬁ;a— ‘Diln -5;—- Diln<Fi—)
Uow = ;) TR " 3% (434)
h ( o%) 8s NaK ta
s Di
e -

Similarly, the average mercury heat transfer coefficients in re-

glons other than the subcooléd liquid region were then successfully

célculated as follows:

[ 1-1
ho= |- - 1 (A35)
N1y T

NB cw

- -

i 1-1
Roo= |2 - Lo (A36)

TB 'ﬁ T
TB cw |
B 1-1
= r L (A37)
SH USH Ucw

, and _éH given by Equations

with the predetermined values of Uﬁb’ UTB

(A25), (A26), and (A27) respeétively.

OVERALL PRESSURE DROP, (AP)o
Two Taylor slack diaphragm pressure transducers were provided for
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measuring the overall pressure drop across the test section. The seven
boiler insert thermocouples employed for measurement of mercury tempera-
ture in the boiling region can also be used to estimate the two-phase

boiling pressure drop with the aid of the mercury saturation curve. The
overall pressure drop across the test section can generally be expressed

as follows:

e Q
(8P) = (AP)pp + (BP)gpy + (AP gpy + (AP) 1y + (BP) 5 (A38)
where (AP)TP = Pressure loss due to two-phase boiling.
(AP)SPV = Pregsure loss due to single-phase vapor.
(AP)SPL . = Pressure loss due to single-phase liquid.
(AP) = Elevation loss for both single-phase liquid and
elev.
vapor, and two-phase fluid.
(AP)misc = Miscellaneous losses such as joints, contraction,
: expansion, etc., for both single-phase liquid and
vapor.
(AP)o = QOverall pressure drop measured by Taylor pressure

transducers.

By carefully examining the running pipe constructions and geometries
between the two Taylor pressure transducers, the miscellaneous pressure
drops, i.e., joints, contraction, and expansion, were estimated by the
conventional pressure drop formulas and found to be in the range of 1.21
to 2.28 psi for various mercury flow rates. The test section and pipe
fayouts of the present experiment featured a 7 degree slope or 5/8-inch
per foot elevation between the two Taylor transducers. Therefore, the
elevation loss was large, especially for liquid mercury, and had to be
taken into account. For various mercury flow rates, (AP)elev. was es-

timated to be in the range of 7 to 8.7 psi for liquid mercury and 0.5 to

1.56 psi for mercury vapor.
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In the test section, the frictional pressure and static head losses
of the subcooled 1iqﬁid were negligibiy small due to a very short sub-
cooled liquid region for all test runs (in the.range of 0;4 to 1 foot)
and a very small angle Qf test section orientatiqn (7 degrees from
horizontal position). On the contrary,‘the vapor pressure loss in the
single-phase superheated vapor region constituted a large share of the
total boiler pressure drop. For most test runs, the superheated vapor
reéion covered a large portion of the test boiler, genmerally occupying
both the helical insert region and the wire coil region. The super-
heatéd vapor pressure loss can be generally expressed by its momentum

and frictional components as follows:

(BP) qpy = (BP) gpyy + (BP)gpye 3%
or
SPV SPVm [ SPVE ]helical insert region
wire coil region

The term (AP)SPVm’ which accounts for the momentum pressure loss
of mercury vapor from the superheated region to the boiler exit, was

calculated by the following equation:

2 2

G v
-2 iy _ (L H
(4P) spyp = g, (pv> (pv) (Va) (A41)
IS

o
where Ga’ defined as the axial mass velocity, is the quotient of mercury

mass flow rate and the net flow area. For the boiler tube containing a

177



helical insert, the net flow area, A, is given in terms of the insert

F’

centerbody diameter, ch, and the insert tape thickness, At, as follows:

2 2
(o) (o - D) o
F 4 x 144 - 2 x 144

2
The teruz(ZE) , defined as the mean square ratio of helical velocity
N
a

A (A42)

to axial velocity, was used in Equation (A4l) as an empirical factor to
account for the effect of the helical flow condition on momentum flux
evaluation. For any cross section along the boiler tube, the total
momentum is given by a combination of linear momentum and angular
momentum. The velocity in the helical flow is considered similar to

that of a solid cylindrical body rotating about its axis and translating
axialiy in the direction of flow in such a way that the resultant velocity
vector at any radius is parallel to the helical vane. Therefore, the
linear momentum is independent of tube radius and helical angle, whereas
the angular momentum is dependent. Thus, a mathematical expression for
the total momentum flux across any cross section can be obtained by a sur-
face integration of local momentum flux over that control surface. To
avoid any mathematical difficulty in evaluating such a surface integral,

an empirical factor (YH was thus introduced to obtain the mean total
v ;

a
momentum flux over any cross sectional area. We define that:

(AP)m = total momentum pressure loss
(pva)?. VH 2 \ 1 ;
= E P (443)
& Va
VH i
with T given by the following relation:
a
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O[O/ S

" For a solid body rotation, the helical velocity, VH; can be written as:

2
_ 21r
v e(E

and the helical cross sectional area, dAH’ can be obtained from the
. o v ‘
mass flow continuation as dAH = vg-(ZHr)dr. Substituting V, and dAH
B | i
into equation (A44) and integrating, gives:

2

' ~ 2 2
1D 1D D
w) (&) .1 Dy 05 (____b_)
(V) () ve(51) v (B (B
Y\ 2 ~
+1 +(—-P—°-—) : f (a45)

where ch is the diameter of the centerbody of the boiler insert.

- The frictional pressure loss for mercury vapor in the helical
vane insert region can be estimated by using the conventional pressure
drop correlation for tube and multiplying by a coefficient to account
for the helical insert effect. This approach was successfully used to

(29) 5.(27)
correlate the pressure drop data for water and air flows. The

conventional Fanning type pressure correlation gives:

(AP) gpye = £ ( ) ; : (A46)
g DV
. _0.316 , .
with fe =37 (equivalent friction factor) (A47)

(DeGH
My
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4

HDi 2
GH Ga 1+ -—F—) (helical mass velocity) (A48)

2

1D,
1 +( —-—1;5> ~ (helical path length) (A49)

=
[
=

Alternatively, Equation (A46} can be rewritten as:

(8P) gpyp = (8P) K (A50)
, 0.316 L\ ©
with (AP) = —— S0 =\ -2 (plain tube) (A51)
2 rpc N4 NP1 g T
<' i aj) gc A
, UV
2.75 1.25

Dy
(1—)——) (A52)
e

K,is then defined as a pressure loss multiplier to account for the in-

P

crease in pressure loss due to helical flow conditionmns.

The frictional pressure loss for mercury vapor in the wire coil
insert region is complicated, and as yet no analytical prediction or
correlation is available. Furthermore, it was found in Reference (27)
that the use of a helical flow pressure multiplier to correlate the
pressure drop for air flow with wire coil inserts resulted in an under-
estimation of the test data, The only way to predict the frictional
loss for wire coil insert is to run an experiment (such as with heated
air) to obtain the actual value of the multiplier. A series of hydraulic
tests using water and heated air with various geometries of wire coil

(27),(29)

inserts was completed recently, and some of the test results
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are shown in Figure (96). As shown in Figure (97), the experimeﬁtally
determined pressure loss multiplier, KP, was found‘to‘be approximately
.22 for the preéent‘wire coil geometry, and was found not to be a strong
function of the Reynolds number. Thus, the mercury vapor pressure loss
due to friction in the wire coil region was calculated by the following

empirical equation:

= 9
(AP)SPVf 22 (AP)a (A53)
dy
(for P/D = 0.97 and<5~ = 0.1428 wire
coil insert) B
With the various pressure losses, (AP)SPV, (AP)SPL, (AP)elevn’ and
(aP)_. , determined by the above equations, the pressure loss in the

misc.

two-phase boiling region was estimated by subtracting these known pres-
sure losses from the total measured pressure loss which was recorded by
two Taylor transducers. For comparison, the two-phase pressure loss was
also obtained from the mercury saturation curve by using the insert

thermocouple temperature readings in the boiling region.

The mercury single phase vapor pressure loss due to friction, (AR%PVE’
was estimated from Equation (A38) with the assumptions (1) that the two-
phase pressure loss values obtained from insert thermocouples were correct,
énd (2) that the other pressure losses involved were evaluated with
reliable equations. Since the pressure loss multiplier, Kp, was assumed
to account for pressure loss in the helical vane insert region, the
frictional pressure drop of mercury vapor in the wire coil region was
predicted from Equation (A40). With this predicted value, the pressure

loss multiplier (defined as Kp = (AP)wc/(AP)a) was then calculated and
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compared with early air heating test data for the same wire coil insert.

The two-phase boiling preséure drop, GﬁP)TP, consists of two com-

‘ponents, i.e., frictional and momentum, and is represented by:

(4P) 1 = (8P) + (0P (A54)

TPE

The momentum term, (AP)TPm, was calculated by integrating the dif-
ferential form of momentum pressure drop between the quality x = 0 and

x = x  to yield:

2 2
G v )
H 1 1
(8P), = == (——) e (A55)
TPm gc Va pe pLIB
&

where i1 (1 -x) i + 201 +x (Xk-1) (A56)

pe pV e pL K e

with K defined as the stip ratio, i.e., the average velocity ratio of

vapor to liquid.

For all the test runs, the mercury was always superheated 200°F
to 400°F at the boiler exit. Therefore x, was always equal to one and
Equation (A56) reduced to simply .1 .  Equation (A55) was then

Pe Pyis
rewritten as:

2 2

G '
H 1 1
) =_e_<_> 11 (as7)
TPm g, Va Pyrs  PrLis

Subsequently, the frictional two-phase pressure drop, (AP)TPf, was

calculated from Equation (A54), and an integrated two-phase friction

pressure drop multiplier, §: , was evaluated by the following equation:
exp
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-~ (BP)ppg

= —(_A_I"_):_ s (A58)

el

exp

‘where (AP)L denotes the single-phase liquid pressure drop which would -
result if the flow rate of the liquid in the tube were equal to the
actual two-phase mixture flow rate, and is expressed by:

LB GZH
(ARP), = £ (———) S (AS9)
L L De ZngL
-1/4

| G0\
with £ = 0.316 ( e)
L . 23

and LB =VLNB + LTB = zIS _ zIB

(A60)

The experimentally obtained two—phaseAfrictioﬁ pressure drop multi-

pliers were then compared with the values from the Martinelli model(34) .

modified for mercury, E: , and the values from a homogeneous flow model,

M

B Mathematically E:M and &

L & were obtained by a numerical integration

from their local values, ¢ and QH’ at selected temperatures on the ¢

M
versus x plots which are given in Figures (102) and (104). The detailed
discussion about these local functions @M (T,x) and QH (T,x) is given

in Section (D).

For the present one hundred percent boiling rums, §:M and §:H
were calculated by the following equations:
x=1
® = ¢, dx (A62)
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and

x=1 x=1 EL -1
_ l+x(pV )
E-H = @H dx = ) m dx (A63)
o

and the results are plotted in Figures (98 and (99).

C. Local Heat Transfer Results

By using the shell temperature profiles and assuming that the
dT

axial bulk NaK temperature gradient, -§§E s, 1s equal to the axial
' dT
shell temperature gradient, P the local heat flux q" was calculated
by the following equation:
"o wNaKCNaK . dTS N (A64)
'HDi dz 9 Loss

where q"Loss is the heat flux obtained by dividing the total heat losses
of the test section by the active heat transfer area. The values of

dT
—EE- needed for computation of q" in Equation (A64) were obtained by
graphical differentiation of a smooth curve drawn through the shell

temperature points.

The local variation of heat flux in the subcooled heating region
could not be obtained directly since the length of this region was too
short to permit accurate measurements., However, the heat flux at the

mercury inlet was estimated by the following equation:

1 - -
9hgi = Yse (Tyaki THgi) (465)

where Eéc’ the average overall heat transfer coefficient, was given by

184



Equation (A23), and TNa and THgi were provided by well thermocouple

K

readings.

The remaiﬁder.of the local heat flux profile in the subcooled heating
region was estimated through the use of average heat flux, Ehsc’ in the
region given by Equation (Al5). The axial position at which the critical
heat flux condition occurred and transition boiling cémmenced, z_, was
determined from the shell temperature profile as that point at which a
marked change occurred in the local shell temperature gradient. From

the many shell thermocouple readings along the test section it was ob-

daT
served that the local values of EEE' increased continuously from the
boiling inception point, zips UP to its maximum value and then abruptly
daT
decreased, The point at which E?E reached its maximum value marked the

critical heat flux condition, and the critical heat flux was then de-

termined by Eqﬁation (A64),

~ . )
Equation (A64) is useful only up throughthe transition region be-

cause in the superheated region the shell temperature prbfile becomes
: ~dT
increasingly flat, and the local differentiation of EEE- becomes very

difficult and inaccurate. Thereforé, in the superheated region the
local heat flux was determined by the following equation with the help

of the mercury temperature profiles:

W. C dT
"o Hg Hg Hg
q HDi dz (466)

The local bulk NaK temperature was obtained from the known bulk

inlet temperature, (measured by well thermocouple), and the in-

TNaKi

tegration of the local heat flux with respect to z, as follows:
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D,
T =T - — q" dz (A6T7)

Nak = “Naki u
i * Nak pNaK

e}

~s soon as the axial distribution of q" was cbtained as described above,

the integration expressed in Equation (A67) was calculated numerically

23 follows:

q" dz = :E: q", (), (A68)

The local quality, x, was calculated by a consideration of energy balance

2s follows:

VZH-VHi
- - % - (1~ — 27
ng X hv + (1 x) hL kOhVO (1 XO) hLo + ZJgC
z
= HDi g" dz (469)
z
o

Tor all superheated vapor exit conditions in the present experiments,
x _was taken as the quality at the beginning of fluid bulk superheating
o

(ZIS) where % was assumed to be 100. Hence, Zquation (A69) reduced to:

1D, z ("1v) C_.
-4 " IS oHigL 1
* T h adz + g T ThL (T}o - EHYIS>
‘Hg LV . LV “Ly & &
“1s
5 5 (A70)
v - v
nis -~ 'w
+
2ch by

where hLV denotes the latest heat of vaporization of mercury at local
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saturation temperatures, and the helical velocities, VH and VHIS’ are

evaluated by the following equétions:

xGa (HD1>2 ‘
vy = r 1L+\ 5 ‘ (A71)
v :
'Ga (nni)z |
Vars = E\; LH\7 (a72)

Local values of the overall heat transfer coefficient, U, were calculated

from the local values of q" and AT, as follows:

t "

AT Tyag = T Hg

where AT is obtained from the calculated bulk NaK temperatures and the

mercury temperatures measured by insert thermocouples.

Finally, the local values of mercury heat transfer coefficient,
hHg’ were calculated by subtracting the thermal resistance of the flow-
ing NaK, static NaK layer, stainless steel annulus, and tantalum tube

wall from the overall thermal resistance, as follows:

-1
= fL_1
hHg-<U = ) (A74)

where the combined thermal resistance, %7—, was given in equation (A34).
Uew

D. Local Two~Phase Pressure Drop Results

The local value of saturation pressure during two-phase boiling of
mercury was obtained by using measured mercury saturation temperatures

together with the vapor pressure curve cited from Reference (12). The
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local boiling pressure gradient (gg)TP was calculated from the local
boiling temperature gradient and the vapor pressure curve for mercury.
In terms of the derivative of temperature ﬁith respect to pressure élong
the vapor pressure curve, the local boiling pressure gradient was ob-

tained as follows:

-G @, 0 e

dT
with —d_}zl_& and (%) obtained by graphical differentiation along
Sat .
the mercury temperature profile and the mercury vapor pressure curve,

respectively.

A knowledge of the local momentum and elevation pressure gradients
is needed to calculate local values of the two-phase frictional pressure

gradient from the total two-phase pressure gradient, as follows:

dP) : dP) dP) (dP) (
&< e - [&E A76)
(dz e \9Z)rp \9%)rpn  \9%/7pe

Considering an annular flow model for the boiling regiomn, i.e.,
liquid flowing in an annulus surrounding a core of vapor, the momentum

pressure gradient for two-phase mixture was defined:

dz g dz

2 2 2
dp .6 4 1A= | x . (A77)
TPm c

and the elevation pressure gradient was defined:

dP -8 o
dz) " sin 0 [ Py + L (1 a)] (A78)
TPe c
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where 8, the elevation angle of the test section, is 7 degrees in this

experiment.

The‘void fraction,a, in equations (A77) and (A78) was eliminated by

employing the continuity equation of two-phase mixtures as follows:

Py X 1-a ‘
E_‘; l—x)( o ) (479)

=
#

or

o = 1 (A0)

v (@) ()

By using this expreésion for a, Equations (A77) and (A78) were rewritten

as:
L 2 p
(%g_ = .G %; Lla-o —!~+-% 1+ x (K-1) (A81)
TPm 8¢ Py L ‘
and
dp) g sin O x + K (1-x)
ay - 0 (a82)
(dz p g, x + K (Ix) oy/o; v

By assuming K, the slip ratio, constant for a particular run, the

right hand side of Equation (A81) was differentiated yielding:

2 oy P

dP c® f1Y) axl1_Pv_ Py K-1

ar = ) X2 Yy Y - - 22) 0

Chem & (pv) dZ[K oL P (-na-20 + (5) x]
(483)
(5),(35)

The proper value of K is uncertain at present. Some investigators
1/2

found that K = (pV/pL) in their analyses. A homogeneous model,

assuming simply K = 1, is usually used in the prediction of two-phase
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pressure drops. For a homogeneous model, Equations (A81) and (A82) were

simplified to:

dp G 1 1 dx '
) == - =)YZ A84
(dz)TPm 8¢ ("v "L) dz (a8
"and
(éﬁ) = -8 gin v ‘ (485)
4z Jop e 8, x + (l-X)(DV/OL)

In order to calculate (%g) in Equation (A84), the local quality varia-
TPm

tion must be known. A consideration of energy balance gives:

ax _ Pily raqny L mg (436)
z Wh dz h dz .
LV LV

d

" dT
With %%— and “E%g evaluated locally by graphical differentiation
from their profiles presented in Figures (41) to (56) and Figures (21)
to (36), respectively. The boiling length (LB = LNB + LTB) was given

previously in Equation (AlQ) for each experimental run.

The mass velocity, G, used in Equation (A84) must be corrected to
account for the helical flow effect. As discussed previously, an

equation was proposed for G as follows:

VN 2
2 _ 2 H
oo, () -
a .
VH 2
with (T) given in Equation (A45). Then, the frictional pressure
a
gradient (EE) was calculated from Equation (A76). The local two-
TPE

phase pressure drop multiplier is the ratio of two-phase to single-phase

liquid frictional pressure gradient:
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()

dz

- \9% Jrp¢

¢ = __d_—l_)._y_‘ (A88)
| (dz

SPLf

where the liquid frictional pressure gradient is calculated by the con-

ventional Fanning equation modified for helical flow conditions as

follows:
: 2
: £ G
ap ( <a) H
'(-- ={ = (A89)
d2spre \Po/ 28.Pp
‘ GH D, ~1/4
with f = 0.316 (A90)
e Hy

One of the earliest efforts in the prediction of two-phase pressure drop
was that of Martinelli et al.(37) in which a substantial amount of two-
phase, two-component data was successfully correlated. A further im-

(37)

provement of this work by Lockhart-Martinelli v gaVe the most widely

applied method for predicting two-phase pressure drop. Later, Martinelli-
Nelson(34) successfully correlated their forced-convection boiling water
data with the method developed in Reference (37). They then constructed

a series of curves by plotting the two-phase multiplier defined in

Equation (A88) versus the quality with the saturation pressure (or

temperature) used as a parameter.

The Martinelli-Nelson curves, shown in Figure (100), were primarily
deduced from high pressure steam data; consequently, these curves were
proposed for use only with steam. However, these curves can be generalized
and used for mény other fluids including liquid metals. In References

(5) and (6), the Martinelli-Nelson curves were modified successfully to
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correlate the potassium boiling pressure drop data. An attempt was then
made to modify the Martinelli~Nelson curves for predicting the current
mercury boiling pressure drop data. This modification is described
below. |
oL v\L/4

Introducing a scale factor, defined-;; (A%E) , the Martinelli~
Nelson curves were replotted in Figure (101) to show the two-phase
multipliér (¢) as a function of the scale factor, with the quality used
as a parameter. The scale factor, which involves only the physical
properties for both phases of any single—~ or two~component, two-phase
fluid, was used as a common basis to scale out the two-phase multiplier
for a particular fluid in a forced-convection boiling process. Since
the scale faétor is primarily temperature (or pressure) dependent, there
are corresponding mercury temperatures for selected values of the scale
factor, as shown in Figure (101). Based upon this transformation, a
series of curves for mercury similar to the Martinelli-Nelson curves for

water were constructed in Figure (102).

Another frequently used two-phase pressure drop correlation is
the so-called "homogeneous model" which was derived from the definition

of the two-phase pressure drop multiplier as follows:

( )TPf TP Hrp
é ( ( ) (491)
H dpP £ pTP

dz) SPL pTP
SPLE

In Equation (A91) the Fanning type pressure drop correlation and the

Blasius relation for the friction factor have been used.

With the density and viscosity for a homogeneous two-phase mixture

written as:
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A R S (492)

X
Prp  PL Py
and
Ll i | (A93)
Hpp M Hy '

Equation (A91) becomes:

P
1-+){(E§i-l>
' v
by = Y 7%
[1-+:{<;§1—-5ﬂ
: v

Equation (A94) is a general expression for predicting two-phase, pres-

(A94)

sure drop for any single- or two-component, two-phase fluid. In Figure
(103) Equation (A94) was generalized by using the scale factor. A
plot similar to that of the Martinelli-Nelson curves is given in Figure

(104) for various mercury temperatures.
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Friction Factor, f, Dimensionless

i i ‘ T T I T ]
- @ Wire Coil P/Di = 0.42, No Centerbody
4 L & Wire Coil P/Di = 0.83, No Centerbody |
A Wire Coil P/Di‘ = 0.83 0.25 Centerbody Ref. (27)
V Helix P/D; = 1.46 0.25 Centerbody
9 | 'O Plain Tube
1.0 ™™
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0'4 -
002 ‘et »
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0.07 |~
0.04 =
0.02 |~
‘ . {
0.01 3 ; { { | |5 , i 5
2x10 4 7 10 2 4 7 10 2 4x10
G Di
Axial Flow Reynolds No., a , Dimensionless
Figure 96. Friction Factor Vs. Axial Flow Reynolds Number for Tubes

Containing Inserts with Forced Air Flow.
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s Dimensionless

_ (ap)
p (AP)a

Pressure Drop Parameter, K

500

100

[
O

Insert Pitch-to~Diameter Ratio, P/Di’ Dimensionless

< d/p; = 0.0317
A Wire Coil Imsert = 0.0463 ¢ Ref. (28)
O = 0.0634
O © =0.1428  Ref. (27)
@ Helical Vane Insert ch = 0.25" Ref. (27)

Figure 97. Measured Pressure Drop Parameter vs. Insert Twist Ratio.
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Two-Phase Frictional Pressure Drop Muitiplier, ¢, Dimensionless .
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Figure 100.
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Quality, x, %

Ratio of Two-Phase Friction Pressure Gradient to
Liquid-Phase Gradient at the Same Mass Velocity
for Water at Various Pressures and Qualities.
(Reference 34)

199

100



10
;]
w
@
—
o
o
o
@
Q 3
E 10
o)
=
-
"
)
o
~
~
-
3
e
=
Y
A 10°
(]
-
)
w
0]
o
-
A
—
I
o
o]
o
e
(4]
Ll
-
=
o 10
/2]
o
=
7T
o
=3
B

1 ] I RN IR I N B B N ] Lottt

10 10° 10° 0.25 10%
L 5 ) 5 3 pL uV . .
Water Temp., 596 545 467 328 237 Scale Factor, Erd— };— » Dimensionless
°r) Mercury Temp. P ) ) ) ; vV, y
(F) 1300 1200 1100 1000 900 800 700 600 500

Figure 101. Generalized Martinelli-Nelson Model Two-~Phase Frictional
Pressure Drop Multiplier.

200



10

o
o
£~

w

Two~Phase Frictional Pressure Drop Multiplier, ¢M’ Dimensionless
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Figure 101 (Cont'd).
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Two~Phase Frictional Pressure Drop Multiplier, ¢M’ Dimensionless
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Two-Phase Frictional Pressure Drop Multiplier for Mercury

from Modified Martinelli-Nelson Model.

202



10"

}—

m n

(7]

1]

[0

a jrove

(o}

ot

2

2 10° |—

ol -

fan -

S n

.e- P

o _

[}

[

H -

[=N

B

9

'_3 -

3 _

&

£ 10 |-

o -

1)

o] —

n

@ N

(]

- —

~

» o

o

[=]

@]

ot —

+J

9]

o

et

o100 Lo

V] R

m e

]

': o

T I

g r

E—" e

1 ' 1 T | :nnl | RN | Lol 114 4
10 10° 103 0.25 10
i i i 4 i 1 pL uV )
Water Temp.596 545 467 328 237 Scale Factor, oy \ig/ Dimensionless
(OF) 1 1 { 1 | [ i 1 i
Mercury Temp. (°F) 1300 1000 900 800 700 600 500

_Figure 103. Generalized Homogeneous Model Two-Phase Frictional
Pressure Drop Multiplier.

203



Sat
300 (OF)

950

1020
1060

1100

1140
1160

it
(=]
<

"

I

, Dimensionless

ot
o

Two-Phase Frictional Pressure Drop Multiplier, ¢H

. | I | | ]
0 0.2 0.4 0.6 0.8 1.0

Quality, x, Dimensionless

Figure 104. Two-Phase Frictional Pressure Drop Multiplier for
Mercury from Homogeneous Model (n = 0.25).

204



APPENDIX II

TABULATION OF EXPERIMENTAL DATA
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TABLE 1

LOOP THERMOCOUPLE DESCRIPTION

Thermo- : © Wire
couple Junction Outside Size Digital
Number Type Dia., in. (GA) Channel Location
1 CNG - 0.062 28 507 Boiler Inlet Well
2 CNG 0.062 28 508 " Boiler Inlet Well
3 CNG - 0.062 28 509 . Boiler Exit Well
4 CNG 0.062 28 510  Boiler Exit Well
5 CNG 0.062 28 . 505 Condenser Upper Drum Well
6 CNG 0.062 28 504 Condenser Lower Drum Well
7 CNG 0.062 28 506 Pump Exit Well
8 CNG 0.062 28 503  Preheater Inlet Well
9 CNG 0.062 28 528 Preheater Exit Well
49 08J 0.125 24 524 Pressure Gage P6 (Pump Exit)
50 0sJ 0.125 24 526 Pressure Gage P7 (Liq. Diff. High)
51 0SJ 0.125 24 527 Pressure Gage P7 (Liq. Diff. Low)
52 0sJ 0.125 = 24 525 Pressure Gage P8 (Boiler Inlet)
53 . 0sJ 0.125° 24 520 Pressure Gage P3 (Boiler Exit)
54 0sJ 0.125 24 521 Pressure Gage P4 (Vap. Diff. High)
55 0sJ 0.125 24 522 Pressure Gage P4 (Vap. Diff. Low)
56 0sJ 0.125 24 523 Pressure Gage P5 (Cond. Top Drum)
60 oLJ See Note (2) 24 498 Reference Box B
61 OLJ See Note (2) 24 499 Reference Box C
101 . CNG 0.062 28 511 Boiler Inlet
102 .CNG 0.062 28 512 Boiler Imlet
103 CNG 0.062 - 28 513 Boiler Exit
104 CNG 0.062 28 514 Boiler Exit
106 08J 0.125 24 515 Gas Heater Inlet
116 0sJ 0.125 24 517 Pressure Gage Pl (Heater Inlet)
117 08J 0.125 = 24 518  Pressure Gage P2 (Heater Diff. High)
118 0sJ 0.125 24 519 Pressure Gage P2 (Heater Diff. Low)
119 08J 0.125 24 516 Flowmeter Duct
120 0sJ 0.125 24 501 Flowmeter Magnet
124 08J 0.125 24 502 Static NaK Expansion Tank
(l)Heat Junction Reference Temperature, 150°F for all T/C's

(2)0.125—inch 0D Cu Wire (All other are Chromel-Alumel)
(3) ‘

Junction Type:

CNG Capped and Non-Grounded
0SJ Open Surface Junction
OLJ Open Loop Junction
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TABLE 2

BOILER INSERT THERMOCOUPLE DESCRIPTION

Constant
Thermocouple Location Temperature
Thermocouple Description Distance Junction
Thermo~ from Circum— Alloy
couple |Type of | Outside |Wire Size |Station|Station #1,|ferential Input | Digital
Number |Junction|Dia., in.| (B&S Gage)|Number in. Position | Box Circuit | Channel
301 SSW* 0.125 24 1 0 A B 4A 531
302 SSW* 0.125 24 B B 4B 532
303 SSW* 0.125 24 . C B 4C 533
304 SSW* 0.125 24 2 12 A B 4D 534
305 SSW* 0.125 24 B B 4E 535
306 SSw* 0.125 24 C B 4R 536
307 SSw* 0.125 24 4 24 A B 4G 537
308 SSW# 0.125 24 B B 4H 538
309 SSW* 0.125 24 C B 4T 539
310 SSW* 0.125 24 5 36 A B 43 540
311 SSW* 0.125 24 B B 5A 541
312 SSW* 0.125 24 C B 5B 542
313 SSW* 0.125 24 D B 5C 543
314 SSW* 0.125 24 E B 5D 544
315 SSwW* 0.125 24 T B 5E 545
316 SSW* 0.125 24 7 48 A B 5F 546
317 SSW* 0.125 24 B B 5G 547
318 SSW* 0.125 24 C B 5H 548
319 SSwx 0.125 24 8 60 A B 51 549
320 SSWx 0.125 24 B B 53 550
321 SSW* 0.125 24 C B 1A 551
322 SSW* 0.125 24 10 72 A C 1B 552
323 SSW# 0.125 24 B c 1c 553
324 SSW% 0.125 24 C C 1D 554
325 SSW¥* 0.125 24 11 84 A C 1E 555
326 SSW* 0.125 24 B C 1F 556
327 SSW* 0.125 24 C C 1G 557
328 SSWX 0.125 24 D C 1H 558
329 S8wW* 0.125 24 E C 11 559
330 SSw* 0.125 24 F C 1J 560
331 SSW* 0.125 24 13 96 A C 2A 561
332 SSW#* 0.125 24 B C 2B 562
333 SSW 0.125 24 C C 2C 563
334 SSW* 0.125 24 14 108 A C 2D 564
335 SSW* 0.125 24 B C 2E 565
336 SSW* 0.125 24 C C 2F 566
337 SSW# 0.125 24 16 120 A C 2G 567
338 SSW#* 0.125 24 B C 2H 568
339 SSW* 0.125 24 C C 21 569
340 SSW# 0.125 24 17 132 A C 23 570
341 SSW* 0.125 24 B C 3A 571
342 SSW* 0.125 24 [ C 3B 572
343 SSWx 0.125 24 D C 3C 573
344 SSW* 0.125 24 E C 3D 574
345 SSW* 0.125 24 F C 3E 575
346 SSW* 0.125 24 19 144 A C 3F 576
347 SSw* 0.125 24 B C 3G 577
348 SSwW* 0.125 24 C C 3H 578
349 SSwW* 0.125 24 20 156 A C 31 579
350 SSW 0.125 24 B C 3J 580
351 SSW*® 0.125 24 C C LA 581
352 SSW#* 0.125 24 21 168 A C 4B 582
353 SSw* 0.125 24 B ¢ 4C 583
354 SSw* 0.125 24 C C 4D 584
355 SSwW* 0.125 24 22 180 A C 4LE 585
356 SSWx 0.125 24 B C 4F 586
357 SSW* 0.125 24 C C 4G 587
358 SSW* 0.125 24 23 192 E C 4H 588
359 SSW% 0.125 24 B C 41 589
360 SSW#* 0.125 24 C C 43 590

*Surface Spot Weld
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TABLE 3

BOILER INSERT THERMOCOUPLE DESCRIPTION

Constant
Thermocouple Location |Temperature
Thermocouple Description Distance Junction
Thermo- from Alloy
couple |Type of Qutside | Station | Station #1, Input | Digital
Number |Junction |{ Dia., in. | Number in. Box | Circuit | Channel
371 CNG* 0.040 1 0 C 5A 591
372 CNG* 0.040 3 23 C 5B 592
373 CNG* 0.040 6 46 C 5C 593
374 “CNG* 0.040 9 69 C 5D 594
375 CNG* 0.040 12 92 C S5E 595
376 CNG* 0.040 15 115 C 5% 596
377 CNG* 0.040 18 136.6 C 5G 597

*Capped Not Grounded
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TABLE 4

OVERALL AND AVERAGE RESULTS*

Run
No.i Date |Timej G, Hig1| THgo| Civar| TNaki| Tnako| Tsat [Fin[Fout| 8| % |%net| e | % a5 |Tee Pun |l achLo-a B |agxto” by H§BXl°-A by E;Bx1o"4 by q;HX10-4 By [(AD gy
1 |12/29/67{1350| 81.52] 938 | 1345315 {1345 | 1265 | 975|131| 75 |56/36 128.6] 4.21|24.4]3.48/0.3]2.3[1.8] 8.5 | 9s0] 3.05 |938] 27.1 f120f 8.5 |792| 0.3 [37.5| 280
2 |12/29/67|1800]115 925 [ 1325317 (1325 | 1221 |1060[252|202 |50]48 ]40.8| 7.32]32.9]4.890.4]1.8{1.4] 13.9 [1260| 4.11 |1050] 25.5 leos0l 21.8 R3so] o0.27] 63 303
3 {12/29/67|1850112.6 | 917 |1326[316 |1326 | 1226 [1060|247]198 |49]46.5/39.3| 7.15}32.2]4.78]0.4{2.1]1.2] 13.9 [1210]| 4.02 jt010] 25.1 [Bsco| 28.3 [saa0| 0.47] 84 316
4 |12/29/67{2005!158 760 |1308[326 {1308 |1177 [1110{326]262 |64 (61 |54.4|11 [43.4]6.62|0.6]2.4]2.0] 18.3 |1208] 5.45 [2310| 15.7 [s700| 21.2 k050 0.37] 68 245
5 112/29/67{2130 {141 795 [1325{324 11325 1200 |1100{298|242 |56]|58 [s51 | 9.5 |41.506.2 |0.5]1.5[1.8] 14  f1220] 5.2 [1460] 20.1 [8400| 25.7 Ks00| 0.33] 61 274
6 |12/29/67|2230]176 708 [1315{328 [1316 |1166 |1120|334|256 {78{68.8|62 [12.3 |49.6|7.53]0.8]3.2|2.0| 23.9 [1530| 6.23 ]2730] 15.1 |s100| 21.8 WK260| 0.45]97 254
7 112/29/67|2255|177.6 | 705 | 1307|329 |1309 |1161 |1110|327{257 |70]69.1]62 [12.3 |50 |7.58/0.8]3.5/1.9] 14.7 {1470| 6.35 [2520] 15.9 j8B250] 21.7 W600| 0.46 {105 245
8 |12/29/67|2315]163 729 | 1310|324 |1310 | 1168 |1100[309|237 |72{64 157 |11 |46 16.95[0.7]2.9]1.4] 24.6 [1310| 5.75 [2280] 17.4 Bsoo| 24.2 5700| 0.42] 92 263
9 {1/3/68 |1145|191.4 | 726 | 12801309 |1286 |1118 |1110{315|267 [48]74 |[67.6|12.5 |55 |8.23]1.0{7.0l2.8] 12.15(1800| 7.16 [3780| 8.5 |s000| 17.4 [440] 0.74 123 212
10 |1/3/68 |1300]185 744 |1307{305 {1317 | 1145 [1120{336]250 {86{75 |68.3]12.3 |55.9(8.3 |1.0]4.3|2.2] 11.2 {1400| 7.25 |3000{ 13.9 |s400| 18.6 [3710} 0.61 [118 250
11 {1/3/68 |1500]186 749 | 13250310 {1330 | 1156 |1120{338|262 |76{75.4(68.4(12.4 |56 l8.32{1.0l4.3[2.7| 11.3 |1215] 7.14 [2750| 14.1 |8300| 16.7 [2320] 0©.64 [120 261
12 [1/3/68 |1900|193 722 |1314]304 {1323 | 1148 |1120{337|254 |83]75.6]68.6]12.9 55.8]8.35/0.8{3.7|2.5] 15.5 |1820] 7.14 [2770] 13.4 (8320 21.3 {3400| 0.60 110 254
13 {1/6/68 |2300]192 660 [1291)311 {1297 |1129 |1130|349]268 |81|74.8(68.3]13 |55.3]8.3 [1.0]7.0{1.9] 18.1 [1850{ 7.08 [3350| 10.4 l6800] 18.8 [3900| 0.67 |125 222
14 [1/7/68 {2110]193 657 { 1293311 | 1296 |1116 | 1110]|330]256 | 74175 [68.8]12.9 |55.8[8.30{1.1{7.9]2.1] 13.5 [1830{ 7.24 [3790] 8.33[6250{ 18.6 WK000| 0.77 {130 205
15 11/9/68 [0515] 82 898 | 1331118 |1333 | 1111 |1086[290{259 |31{36 [29.1] 4.7 |24.4{3.53|0.6/2.0[{0.6] 10.1 |1520] 3.06 |2270| 17.7 isoso| 16.3 [2770| 0.65} 68 268
16 |1/9/68 |2200]143 827 | 1300|326 |1302 | 1176 | 1080|268|200 |68[59.5/52.7| 8.8 143.9[6.4 |0.5{1.5|2.0] 11.7 |1070] 5.5 |1840| 20.4 [s300{ 25.5 [5150| 0.36|81.5] 281

*See Nomenclature for symbols used in the data table.

Units given in Tables 4 to 12 are given as follows:

Ap Radial Acceleration

G  Mass Velocity

h,: Heat Transfer Coefficient

L Length

P Pressure

q" Heat Flux

Q Heat Transfer Rate
T Temperature

g

's

lbm/sec—ft2

Btu/hr-ft>-CF

£
P

t

sia

Btu/hr—ft2
kilo-watts

°p




TABLE 5

OVERALL PRESSURE DROP RESULTS

11e

(AP)TP*
ﬁﬁ? g Thgi THgo Tim Four 4Bl (BR)pie. (OB)oy, Ly Ly (Cylye (ydyy (OByye (Pyee (AB)gpy (AR)gpyp (AP)pp* (AP)ppuy (AP)pp**
1 81.5938 1345 131 75 56  1.21 9.41 4.1 12.4 4.8 7.6 15.1  14.6 33 3.3 11.4  8.44  1.35
2 115 924 1325 260 202 58  l.44 8.69 3.4 13 4.8 8.2 13.8 16.3  35.2  5.06 12.4  11.1 1.11
3 113 917 1326 255 198 57 1.8l 8.49 3.2 13.2 4.8 8.4 13.1 17 35.1  5.01 11.6  10.4 1.11
4 158 760 1308 334 262 71 1.65 7.85 4.4 11.8 4.8 7 18.5  20.3  39.4 4.6 18 16.5 1.09
5 141 795 1325 306 242 64 2.0l 7.69 3.3 13 4.8 8.2 17.9  19.6  40.2  3.66 13.1  10.4 1.26
6 176 708 1315 342 256 86 2.1l 7.99 5.2 10.8 4.8 6 15.7  31.5  52.9  5.73 23 19.4 1.18
7 178 705 1307 335 258 77 1.86 8.04 5.4 10.6 4.8 5.8  13.6 24 4.2  5.82  23.8  21.5 1.11
8 163 729 1310 317 237 80  2.28 7.97 4.3 11.8 4.8 7 18.2  27.4  50.5  4.84  19.2  16.9 1.14
9 191 726 1280 343 257 86  2.08 8.61 9.8 6.0 4.8 1.2 4.4 37.5 48.8  6.91  26.6  27.5  0.966
10 185 744 1307 344 250 94  2.10 8.19 6.7 9.1 4.8 4.3 14.9  36.5 57.6  6.25  26.1  23.4 1.12
11 186 749 1325 346 262 84  2.20 8.19 7.0 8.8 4.8 4.0 14 30.5 50.8 6.3 23 23.6  0.98
12 193 721 1314 345 254 91  2.21 8.06 6.2 9.8 4.8 5.0 14.6 31.4  52.8  6.78 28 26.3 1.07
13 192 660 1291 357 268 89  2.20 8.33 8.9 6.9 4.8 2.1 8 3.2 46.1 6.9 30 32.1 0.9
14 193 657 1293 338 256 85  2.18 8.56 10 5.7 4.8 0.9 2.3  32.3 41.6  6.95 37.2  40.5  0.92
15 82 898 1331 290 259 31  1.13 7.01 2.6 13 4.8 8.2  5.78  8.36 15.36  1.21  8.24 7.1 1.16
16 143 827 1300 276 200 70  1.65 8.0 3.5 12.8 4.8 8.0 17.6  19.8 44 6.6  13.9  12.1 1.15

*Calculated from the inlet and exit Taylor pressure transducers

*% Estimated from measured saturation temperatures



TABLE 6

OVERALL PRESSURE DROP RESULTS IN TWO PHASE REGION

rANA

;g? GHg TSat PSat (AP)TP* (AP)TPm (AP)L (AP)TPf Qéxp QH i QH - QMN Qexp/QH(n=%) Qexp/®M
(n=Y%) (n=0)
1 81.5 975 123.1 8.44 1.37 3.72 x 10_2 7.07 190 130 210 200 1.47 0.935
2 115 1060 252 11.1 2.14 5.8 x 10—2 8.9 164 90 145 150 1.73 1.04
3 113 1060 247 10.4 2.11 5.5 x'lO"2 8.3 149 90 145 150 1.62 0.976
4 158 1110 326 16.5 3.01 11 x 102 13.4 125 70 105 110 1.76 1,12
5 141 1100 298 10.4 2.16 5.8 % 10"2 9.24 138 75 120 125 1.8 1.13
6 176 1120 334 19.4 3.06 15.8 x 1072 18.8 116 70 110 110 1.56 0.995
7 178 1110 327 21.5 3.17 15.5 x 10—2 18.63 118 70 115 115 1.65 1.08
8 163 1100 309 16.9 2.31 11.8 x 10™2 14.6 128 75 120 125 1.68 1.05
9 191 1110 335 27.5 3.21 25.9 x 10—2 24,3 87 70 115 115. 1.26 0.82
10 185 1120 336 23.4 4.46 17.6 x 10"2 19 112 70 110 110 1.57 1.00
11 186 1120 338 23.6 4,12 18.2 x 1072 19.5 98 70 100 110 1.44 0.93
12 193 1120 337 26.3 4.26 18.8 x 1072  22.04 111 - 70 105 110 1.58 1.01
13 192 1130 349 32.1 4.8 26,2 x 10'2 27.3 103 70 110 110 1.33 0.85
14 193 1110 330 40.5 4.5 33 x 1072 36 106 75 120 120 1.27 0.804
15 - 82 1086 282 7.1 1.12 4.6 x 1072 6.0 130 81 120 125 1.61> 1.05
16 143 1080 268 12.1 2.43 8.7 x 10—2 9.7 125 85 130 135 1.47 0.944

*0Obtained from insert thermocouple readings.



TABLE 7

SUBCOOLED LIQUID RESULTS

Run Yo, Date Time GHg TSat ' ATsc hL NNu‘ Npe Lsc
1 12-29-67 1350 81.52 975 37 980 4.2 114 0.3
2 12-29-67 1800 115 1060 135 1260 5.4 160 0.4
3 12-29-67 1850 112.6 1060 143 1210 5.2 158 0.4
4 12-29-67 2005 158 1110 350 1208 5.21 210 0.6
5 12-29-67 2130 141 1100 305 1220 5.2 198 0.5
6 12-29-67 2230 176 1120 412 "1530 7.15 247 0.8
7 12-29-67 2255 178 1110 405 1470 6.3 247 0.8
8 12-29-67 2315 163 1100 370 1310 5.65 228 0.7
9 1-03-68 1145 191.4 1110 384 1800 7.7 266 1.0

10 1-03-68 1300 185 1120 376 1400 6.05 257 1.0
11 1-03-68 1500 186 1120 370 1215 5.21 259 1.0
12 1-03-68 1900 193 1120 398 1820 7.75 270 0.8
13 1-06-68 2300 192 1130 470 1850 7.8 270 1.0
14 1-07-68 2110 193 1110 453 1830 7.8 270 1.1
15 1-09-68 0515 82 1086 225 1240 5.4 130 0.5
16 2200 . 143 1080 253 1070 4.6 201 0.5

1-09-68
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TABLE 8

LOCAL NUCLEATE BOILING HEAT TRANSFER RESULTS

Run

5

)

No. Tsat  CHg Lyg 9" x 10 X g Ty Tsae R
1 975 . 81.52 2.3 1.13 0 1885 58 0
1.87 0.176 2970 63 0.133
2 1060 115 1.8 0.96 0 2100 45.5 0
3 1060 113 2.1 1.08 0 2200 49 0
1.82 0.493 3610 50.5 3.96
4 1110 158 2.4 0.70 0 2070 34 0
" 0.875 0.108 2380 36. 0.266
1.31 0.304 3410 38.6 2.11
5 1100 141 1.5 0.86 0 1850 46.4 0
2.02 0.32 4100 49.8 2.06
6 1120 176 3.2 0.537 0 2030 25.6 0
0.92 0.146 3250 28 0.67
1.07 0.242 3700 29 4.84
1.49 0.467 4700 31.5 6.85
7 1110 178 3.5 0.434 0 1885 23 0
0.615 0.121 2380 25.7 0.474
1.07 0.262 3890 28.1 2.22
1.415 0.421 4590 31 5.74
1.64 0.597 5090 32.4 1.52
8 1100 163 2.9 0.546 0 1960 27 0
0.92 0.221 2940 30.4 1.31
1.48 0.369 4590 32.2 3.65
1.82 0.6 5670 33 9.65

214



TABLE 8 (Cont.)

LOCAL NUCLEATE BOILING HEAT TRANSFER RESULTS

Run 5

No. Tsat Cmg  Iyp 4 %10 X e TyTeae) A

9 1120 191.4 7.0 0.338 0 2510 12.8 0
0.461 0.0616 3160 14.7 0.14
0.555 0.115 3650 15.5 0.49
0.671 -~ 0.154 - 3850 17.2 0.88
0.84 0.231 4640 18.6 1.97
1.132 0.338 5260 21.4 4,23
1.345 0.477 6120 22.1 8. 44

10 1120 185 4.3 0.42 0 2310 18.4 0
0.82 0.08 3900 20.5 0.22
1.07 0.216 4650 23 1.61
1.35 0.376 5500 24.6 4.89
1.85 0.535 6350 28.7 9.9

11 ° 1120 186 4.3 0.46 0 2500 18.2 0
0.995 0.13 4760 21 0.596
1.25 0.254 5310  '23.6 2.28
1.68 0.398 6670 25.2 5.56

12 1120 193 3.7 0.28 0 2410 11.8 0
0.41 0.05 3030 13.5 0.093
0.57 0.171 3580 16.1  1.09
0.86 0.31 4640 18.6 3.6
1.47 0.456 6250 22.6 7.8

13 1130 192 7.0 0.301 0 2320 11.4 0
0.398 0.023 3410 11.7 0.02
0.515 0.066 3700 14.2 0.16
0.648 0.174 3740 = 17.4 1.12
0.84 0.235 4270 19.7 20.5
1.15 0.326 5240 22.2 3.96
1.45 0.477 - 6250 23.3 8.45
1.71 0

.65 7250 23.6 15.7
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TABLE 8 (Cont.)

LOCAL NUCLEATE BOILING HEAT TRANSFER RESULTS

ggn Tsar  Cug Lyg 4" % 107 x hg Ty Tsar) Ap
14 1120 193 7.9 0.25 0 2210 11.2 0
0.334 0.047 2850 11.7 0.082
0.484 0.137 3200 15.1 0.7
0.583 0.167 3550 16.5 1.03
0.75 0.227 4300 17.4 1.91
1.16 0.341 5850 19.8 4.31
1.45 0.466 6750 21.6 8.05
1.62 0.606 7080 23.1 13.6
15 1086 82 2.1 0.89 0 1870 47.4 0
1.12 0.143 2250  49.6 0.088
1.84 0.53 3460  53.3 1.24
16 1080 143 1.5 0.93 2300 40.6 0
1.61 0.253 3890  42.5 1.42
2.08 0.516 4750 44 5.
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TABLE 9

CRITICAL HEAT FLUX RESULTS

Run No, Date Time GHg ) TSat X q"c x 10-5 ARC
1 12-29-67 ~ 1350  81.52 975 0.246 4,5 0.26

2 12-29-67 1800 115 1060 0.6 3.06 6.1

3 12-29-67 1850 112.6 1060  0.56 2.97 5.1

4 12-29-67 2005 158 1110  0.544. 2,28 17.2

5 12-29-67 2130 141 1100 0,537 2.67 5.8

6 12-29-67 2230 176 1120  0.754 2.4 17.75

7 12-29-67 2255 178 1110 0,728 2.3 17.1

8 12-29-67 2315 163 1100 0.77 2.58 15.9

9 1-03-68 1145 191.4 1110 0.637 1.86 15.05
10 1-03-68 1300 185 1120  0.64 2,05 14,15
11 1-03-68 1500 186 1120  0.587 2,16 12.15
12 1-03-68 1900 193 1120  0.643 2.12 15.50
13 1-06-68 2300 192 1130  0.81 2.2 24.3
14 1-07-68 2110 193 1110  0.78 1.96 22.6
15 1-09-68 0515 82 1086  0.75 2.14 2.5
16 1-09-68 2200 143 1080  0.835 2,14 15.4
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LOCAL TRANSITION BOILING HEAT TRANSFER RESULTS

TABLE 10

Run

-5

111
No. Cug Tsat drg * 10 *rp hrg A Lrg
1 81.52 975 3.14 0.667 2270 1.92 1.8
1.61 . 0.965 610- 4.0
2 115 1060 1.68 0.93 1760 14.6 1.4
3 112.6 1060 1.78 0.92 1560 13.75 1.2
4 158 1110 2.12 0.695 8700 11.1 2.0
2.01 - 0.837 5000 16.2
5 141 - 1100 2.5 10.702 6670 9.9 1.8
2.26 0.881 4200 15.6
6 176 1120 2.12 0.852 5280 22.8 2.0
1.78 0.951 24640 28.4
7 178 1110 2.04 0.86 4590  23.8 1.9
8 163 1100 2.08 0.895 4350 21.4 1.4
9 191.4 1110 1.77 0.737 7150 20.1 2.8
1.68 0.838 4080 26
1.6 0.896 2940 29.8
1.36 0.955 1940 33.7
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TABLE 10 (Cont.)

LOCAL TRANSITION BOILING HEAT TRANSFER RESULTS

Run . " ~5
No. Cug Tsat dpg * 10 T8 hrg A Lrg
10 185 1120 1.97 0.75 6500 19.4 2.2
’ - 1.88 0.80 4000 22.1
1.56 0.88 2250 26.7
1.23 0.96 1320 31.8
11 186 1120 2.08 0.696 6400 17.1 2.7
1.97 0.805 4020 22.9
1.87 0.86 2500  26.1
1.75 0.914 2150 29.5
12 193 © 1120 1.95 0.76 5750 21.6 2.5
1.92 0.877 3940 28.8
1.38 0.938 1530 33
13 192 1130 1.95 0.88 4950 '28.7 1.9
1.51 0.97 1850 35
14 193 1110 1.74 0.85 4380 28.7 2.1
o 1.68 0.918 2750 31.2
15 82 1086 1.84 0.92 2430 3.68 0.5
16 143 1080 2.1 0.94 3450 19.5 2.0
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TABLE 11

LOCAL SUPERHEATED VAPOR RESULTS

Eg? Chg Tsat L Bsn gy Loy (AD gy
1 81.5 975 5 45 5150 12.7 400
6 38.2 2780
7 33.6 1550
8 38.7 1080
9 39.9 556
10 47.3 422
2 115 1060 4 66 6520 13.4 304
5 58 4130
6 56 2220
7 64 1590
8 67 855
9 69.7 © 550
3 112.6 1060 3 63 9370 13.5 315
4 65.5 6400 ‘
5 75.4 4550
6 76.6 2800
7 80 1775
8 84.3 909
9 87.6 554
4 158 1110 6 72.6 8650 11 245
7 69.4 5870
8 62.6 3380
9 67 2190
10 70.8 1462
11 71.8 . 796
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LOCAL SUPERHEATED VAPOR RESULTS

TABLE 11 (Cont.)

gg?' Cug Tsat Lo Py Gy lom (1) gy
5 141 1100 5 76 9150
6 70.4 5490
7 71 3540
8 60.2 1770
9 56.4 1150
10 53.6 585
11 53 318
6 176 1120 98.6 10600 10.0 253
8 97.2 7240
9 93.6 4700
10 98 2800
11 91 1240
12 73 645
7 178 1110 90.6 10500 9.9 245
8 87 7840
90 5400
10 92.2 3510
11 101 2300
12 103 620
8 163 1100 6 94 9840 11.0 262
7 85 5540
8 80. 4 3690
9 91 2050
10 101 1540
11 103 1025
9 191.4 1110 12 146 11800 5.2 212
13 145.2 6800
14 179 4410
15 182 2650
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TABLE 11 (Cont.)

LOCAL SUPERHEATED VAPOR RESULTS

22? Chg Tsat L By dgy Loy (AT gy
10 185 1120 9 114.3 10680 8.3 250
10 114 6600
11 116 4250
12 120.8 2805
13 127.4 1710
14 116.5 974
11 186 1120 8 113 16400 8.3 261
9 105 9350
10 107 " 5560
11 109 2990
12 118.5 1965
13 119.6 1250
14 94 890
12 193 1120 8 113 12900 9.0 254
' 105.4 9000
10 109 5760
11 111.1 3600
12 115 2150
13 118 1570
14 109 940
13 192 1130 11 166.4 15700 6.5 222
12 142 7600
13 176 5180
14 170 2900
15 165 1880
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" TABLE 11 (Cont.)

LOCAL SUPERHEATED VAPOR RESULTS

Run

No. Cug Tsar Bsn 95g Lsy (AT) g
14 193 1110 12 119 14150 5.0 206
13 126 8950
14 138.6 6380
15 141.5 3380
15 82 1086 4 52 7200 13.0 268
5 44 4680
6 41.5 2790
7 43 1260
8 41.3 865
16 143 1080 5 108.8 15700 12.0 281
6 93 7300
7 78.5 4070
8 81.3 2540
9 81.4 1265
10 86 905
11 90.6 532
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%2

LOCAL PRESSURE DROP DATA IN TWO-PHASE REGION

TABLE 12

&) @, -® -@, @ @ @@,
No. Chg Tsar 2 dz 9P /5at dz/y dz/jpp  \dz 42 Jrpm  \9%/pp,  \d2 dz Sexp %exp by By
1 81.5 975 0.3 0.69 0.94 x 1072
1 0.715 1.03 0.288 . 0.214 0.107 0.81 0.92 86 95 0.176 56 80
2 1.0 1.45 0.371  0.300 0.180 1.05 1.27 112 134  0.246 76 115
3 1.5 2.18 0.48 0.474 0.603 1.7 1.57 183 168 0.667 170 312
& 2.0 2.90 0.36 0.58 1.05 2.3 1.85 246 197  0.965 250 330
2 115 1060 0.4 0.66 1.40 x 1072
1 1.67 2.54 0.34 0.485 0.52 2.05 2,02 146 144  0.54 86 150
2 2.5 3.80 0.46 0.85 1.15 2.95 2.65 208 188 0.72 110 202
3 3.0 4,54 0.34 1.26 2.12 3.28 2.42 233 172 0.92 140 225
3 113 1060 0.4 0.66 1.38 x 1072
1 1.6l 2.48 0.33%  0.48 0.51 2.00 1.97 145 142  0.56 90 155
2.42 3.73 0.44 0.81 1.10 2.92 2.63 206 190 0.76 115 210
3 2.95 447 0.36 1.21 2,06 3.26 2.41 230 175 0.93 142 220
4 158 1110 0.4 0.64 2.14 x 1072
1 0.84 1.31 0.141  0.392 0.135 0.90 1.17 42 54 0.108 21 27
2 1.5 2.3 0.166  0.56 0.39 1.80 1.94 85 90 0.304 48 74
3 2.0 3.12 0.271  0.71 0.76 2.41 2.36 112 110 0.544 74 126
4 2.5 3.90 0.244  0.98 1.51 2.98 2.40 135 117  0.837 106 180
5 3.0 4.70 0.21 0.89 1.56 3.81 3.14 172 146  0.96 114 170




6Z¢

LOCAL PRESSURE DROP DATA IN TWO-PHASE REGION

TABLE 12 (Cont.)

dP \*

) 5. @), @, & @@ @@L -, e, o
No. Cug Tsar 2 dz 4P/ sat dz /,, dz/pp  \d2 92/ppm  \9%/1pn  \9% 92)rpf bexp Pexp ¥ fm %u
5 141 1100 0.4 0.65 1.73 x 1072
1 1.02 1.55 0.182  0.352 0.248 1.20 1.30 69.5 75 0.32 50 78
2 1.7 2.58 0.222  0.69 0.715 1.89 1.86 109 107 0.537 74 128
3 2.5 3.80 0.2 0.95 1.54 2.85 2.26 165 135 0.881 110 180
6 176 1120 0.8 0.64 2.64 x 1072
1 0.97 1.04 0.080  0.326 0.13 0.72 0.91 27.5 34.5 0.146 26 35
2 1.5 2. 34 0.101  0.54 0.34 1.80 2.00 66 75 0.242 38 58
3 2.5 3.90 0.286  0.68 0.66 3.20 3.24 120 121 0.467 65 115
4 3.5 5.47 0.182  0.84 1.31 4.63 4.16 170 156 0.754 98 170
5 4.0 6.24 0.128  1.07 1.88 5.17 4.33 190 163 0.951 115 171
7 178 1110 0.8 0.64 2.68 x 107°
1 1.0 1.56 0.096  0.34 0.133 0.92 1.12 3¢ 41 0.121 24 30
2 1.5 2.04 0.117  0.52 0.312 1.52 1.73 56 64 0.262 42 62
3 2.5 3.60 0.166  0.73 0.65 2.87 2.95 106 110 0.421 60 102
4 3.5 5.17 0.238  1.04 1.20 4.13 3.97 154 147  0.597 80 140
5 4.0 5.94 0.188  1.24 1.95 4.70 4.40 175 162 0.86 108 180
5.5 4.0 5.94 0.11 1.11 1.87 4.83 4.07 180 158 0.94 114 175
8 163 1100 0.7 0.64 2.25 x 1072
1 0.86 1.34 0.11 0.47 0.26 0.87 1.08 38.5 48 0.221 37 5l
2 1.5 2.34 0.18 0.68 0.51 1.66 1.83 74 81 0.364 54 86
3 2.5 3.90 0.21 0.83 0.97 3.03 2.93 135 131 0.600 82 140
4 3.0 4.68 0.22 0.85 1.38 3.83 3.30 171 147  0.895 110 180
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LOCAL PRESSURE

TABLE 12 (Cont.)

DROP DATA IN TWO-PHASE REGION

oo, n, o (E) (B) -(8), -(8), &) -6 -0 @@L, e, o

No. Hg Sat \ Ve /sar 2/ Zjpp  \42 9Z/opn  \%%/eem  \%%/1p¢  \9%/1pf bexp bexp ¥ fm Ou

12 193 1120 0.8 0.64 3.18 x 1072
1 1.0 1.56  0.090  0.31 0.125 1.25 1.43 39 45 0.171 31 42
: 1L 2.34 - 0.125  0.50 0.33 1.80 2.01 56 63 0.310 48 70
3 3,12 .0.135  0.70 0.63 2.42 2.50 75  78.5 0.456 64 110
4 470 0.168  0.79 1.02 3.96 3.68 122 115 0.701 92 160
5 5.75  0.201  0.89 1.41 4.88 4.3 150 136 0.877 108 180
6 .3 6.70  0.158  1.14 1.91 5.50 4.80 170 151 0.95 114 170

13 192 1130 1 0.64 3.14 x 1072
2 0.6 0.9  0.050  0.24 0.072  0.70 0.87 22 27 0.080 18 24
3 1.3 2.03 0.080  0.40 0.150 1.63 1.88 51 60 0.114 23 29
4 1.8 2.80  0.085  0.52 0.286  2.28 2.51 72 80 0.235 38 58
5 2.2 3.44 0.111  0.61 0.43 2.83 3.01 90 95 0.326 50 82
6 2.7 3.72 0.153  0.80 0.75 3.32 3.37 106 108 0.477 68 ll4
7 3.5 4.46  0.182  0.96 1.20 4.50 4.26 140 135 0.65 86 150
8 4.0 6.25 0.162  0.85 1.30 5.40 4.95 168 157 0.81 101 180
9 4.0 6.25  0.095  0.68 1.21 5.55 5.04 172 160 0.97 118 165

14 193 1110 1 0.64 3.2 x 1072
2 . 0:93 0.055  0.30 0.090  0.63 0.84 19.5 26 0.080 19 24
3 1. 1.56 0.053  0.34 0.130 1.22 1.43 38 44 0.137 26 36
41 2.34 0.048  0.39 0.157 1.95 2.17 60 68 0.161 28 41
5 1.8 2.81 0.072  0.43 0.25 2.38 2.76 74 85 0.227 38 58
6 2.1 3.30  0.105  0.57 0.41 2.70 2.90 84 90 0.341 54 86
7 2. 4.70  0.115  0.68 0.63 3.50 3.57 105 111 0.466 67 115
8 5.46 0.145  0.90 1.04 4.56 4.42 142 138  0.606 83 142
9 625 0.166  1.14 1.65 5.11 4.60 160 143 0.78 98 172
10 6.25 0.117  1.08 1.72 5.17 4.53 163 141 0.92 111 173
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229






COMPUTER OUTPUT TABLE NOMENCLATURFE

CATSB - Reference Temperature Box ''B' Cu-Const. T/C
CATSC. Reference Temperature Box 'C" Cu~Const. T/C
DTPPEX Pinch-point Temperature‘Difference at Boiler Exit

PES-AM - Tope11™ Tamb.

: DT SH Degree of Superheat at Boiler Exit

‘G&HR Axial Mercury Mass Velocity in the Helix Region
GAWC  Axial Mercury Mass Velocity in the Wire Coil Region'
GPRI Ma#s Velocity of NaK Flow .

GSEC - Superficial Mass Velbcity of Mercury Flow

NRELS - Superficial Reynolds Number

| P3 Boiler Exit Pressure
P5 ‘Condenser Pressure, Top Drum
P6 ‘  fuﬁp Exit Pressure |
P8 Boiler Inlet Pressure
QB _ Heat‘Trahsferred after Boiling Inception

QNET = Net Thermal Power to Boiler Tube,

QsC Heat Transferred in Subcooled Liquid Mercury
QT Total Thermal Power to Boiler

QA Average Test Section Heat Flux

T (1,2, Boiler Shell T/C (station number) -Circular Location
4,5,7,8, . :

10,11,13,

14,16,17,

19,20,21,

22,23)~A,

B,C,D.E.

TBS(1,2--23) Average Shell Temperature
T AMB Ambient Temperature
TBEND Exit Bend Mercury Skin Temperature
(1,2)
??EB) Boiler Exit Well Temperature
s . s

231

°F

.OF

°F
°F
oF
1b sec—ft2
1b,sec—ft2
lb/sec—ft2

lb/sec—ft2

psi
psi

psi

Kw
Kw
Btu/hr—ftz

°F

oF
°F
°F

°F



TBIW (1,2)
TBI
(1,3,6,9,
12,15,18)
TCLDW
TCUDW
TESAT
TEXBHG
TFMD
TFMM
TGHIN

TINW

TNAKI
(1,2)

TNAKE
(1,2)

TOUTW
TPEW
TPG1

TPG2
(HI,LO0)

TPG3

TPG4
(HI,LO)

TPGS
TPG6

TPG7
(HI,LO)

TPG8
TPHIW
TSING
TSNAKX

WHGLV

Boiler Inlet Well Temperature

Boiler Insert T/C (Station Number)

Condenser Lower Drum Wall Temperature
Condenser Upper Drum Wall Temperature

Boiler Exit Saturation Temperature

'Mercury Temperature at Boiler Exit

NaK Flowmeter Duct Temperature
NaK Flowmeter Magnet Temperature
Gas Heater Inlet Temperature

Boiler Inlet Wall Temperature
NaK Inlet Well Temperature

NaK Exit Well Temperature

Boiler Out let Wall Temperature

Pump Exit Well Temperature

Gas Heater Inlet Pressure Transducer Temperature

NaK Pressure Gage Temperature
Boiler Exit Pressure Transducer Temperature

Vapor Venturi High and low Pressure Tranducer Temp.
Condenser Top Drum Pressure Transducer Temp.

Pump Exit Pressure Transducer Temperature

Liquid Venturi High and Low Pressure Transducer Temp.

Boiler Inlet Pressure Transducer Temperature
Preheater Inlet Well Temperature

Mercury Inlet Saturation Temperature

Static NaK Expansion Tank Temperature

Mercury Flow Rate (Liquid Venturi)
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°F

°F

°F
°F
°F
°F
°F
°F
°F

°F

[&] F

°F
°F
°F

°F

°F

°F
°F

(6] F

°F
°F
°F
°F
°F

1b/sec



WNAK

NaK Flow Rate (NaK Flowmeter)

Quality
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14
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16

SNA?=8 SINGLE~TUBE BOJLER DATA REVDUGT}ON

29%
DATE

1,2297E
1,2297€
1,2297E
1,2297E
1,2297€

1,2297€
1,2297E
1,22978
1,0388E
1,03P0E

1,038QE
14038QE
1,0588q¢8
1;07888

109808

1,098Q®

04
04
ng
04
04

04

04§
03
03

0g
03
03
03
0%

0g

292
TIME

1.3500&
1,8000E
1,8500E
2,00B0E
2,1300€

2,2300E
2,250k
g8,31B0E
t,14808k
4,30Q0E

,5000E
1,90p0E
2., 3080¢
2,1100E
%,4%80¢

2,2000€
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<99
DRNAK

300

WHGLY

$.94858°01
2,8408E~04
2,7955Ew01
8,7023E~01
3,4881E=0¢

4,3461E=01
#,3830E=01
4,08223g<91
4,7125E=01
4,%4678-01

4,3710g~01
6,7450E=01
‘.72555~91
4,7523G=0¢
$,9578E=04

§433708=0Q1

3ot
WHBYY
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P$

3§2

P3

4775&‘
A

Agg
§12§g7g
2,4259E

. &%8%
gag?ﬁﬁh
2237@45
2,671
2,507

6195E
3258w7§
2, 6706
3555@8é
2,5958

2,0087€

wid
P®

2,9926E

t148E
32‘@@9445
3@2§5§E
$y95208

35,6188 €

62058
§§S9§9§
3@27Q§E
$,2812

E
e 7950
ggﬂl&ﬁg
R'Q?S?E
29991&5
$,6937

2,9731E
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314

Pé

122E
2 9936c
2,9360F
$,86338E
5;42945

5,7368€
2369565
13,5941

4,4015E
4,5076E

3000k
2:5272E
@.&6762
4,2309
3,89748

4,02798

315
P8

3408E
9
;(6075§
2655755
3¢3427E
3,0663

F42%9E
5235493
3g§739E
SWQEOZE
3,445%

;46T BE
2;55552
S{ﬁ??XE
3m33558
2,9036

P¢V6417E

nZ
A2
a2
Ae
fe

n2
A2
A2

A2

Ag
A2
ne
A2
Ag

ne
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CATERB

1.500@&
1,4778E
1,5013€
1.,4900E
1‘49428

1,4743E
1,4883E
1,4983€
1,50008
149048

5058€
1:50065
1:,4363E
1.49255
144987¢

1,497 %E
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ng
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n2
ne

n2
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ne
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ne
ne
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0e

02
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CATSC

3, 4892E
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%.5080E
5. 49%2E

4975E
g:soaoe
$.4971E
3. 4939E
1,4982E

$.,5082E
§.4987E
$.,4900E
£,4954E
£,4992€

§,4883E

f29
TAMB

7,73148
7, 7344E
7#7%1$E
3@73;18
Ta738¢R

Ty73L4 8
2;?31&E
7,7414E
Ty734%E
7731 %E

747414E
7:7}1&@
To7314E
?173&&&
To738%E

7 7314E
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By
03
8%
0%
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0y

Bt
U 3
0%

04
o1
03
03
n

0%

421

TBEND1

29388
2:29065
£,2919§
,2789¢
129218

a852p
::2771&
$,2784§
$:2478¢
1,2811k

9708
M
$,2603@
1,23596
$:27508

5,2638¢

422
TBENDZ

i 288 3E
1;88426
1728898
1727%4E
172887E

;28188
1237435
tyavedqe
1724308
1,2768E

j PE
1&3919’
1¢2820E
1725648
1&23115
1§2703€

1;28994E

Ad
Al
A3
A3
A3

Ad
ag
LK
a3
Al

GRS
R3
LK
a3
a3

Al
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CTFMM

1,355k

1,3587E

1,3399E
1,3217€
1,3089E

13114
1,3038E
1,3103E
1,1313€
141620

21635
%:200&%
1,17078
1,0769E
1,0974E

1,2366E
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02
n2
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02
ng
neg
02

na
ng
ng
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TSHAKX
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§:49¥8E
£,5086E
£,4983E
£,4949E
£,4909E
g:d&@?g
£.4986E
$,5000E
1,4937E

5088E
i15005E
1,4880E
3,4989E

£,4989E
1,4975E

828

TRATW

T,8314E
1,6404E
9,9893E
1,838%8
1,2541F

1,50288
1,5007E
144346
1, 70158
1,6G348

L TRI%E
§§7ars&
£,6594E
3,648 48
B, tb87F

1,3444E
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68
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429
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, 41306
313708
f,49638
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3¢ 9B S3IE
444
%,6939%
1,76218
L.7472§

138§
ARt
6,99523E
4,9682E
§,59328

. §,42358

¥4
02
B2

02

B

01

01
'3 1
02
f2

VR
01
0L
U 8
B 1

R §

430
TCUDW

50008
ifaqvae
15016E
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i 4949E

L 89498
;48996
{8986
1,509@§
114947

BO6RE
i;50855
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189358
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ne
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ng
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ng
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1,50168
1,49136
1,4949E

1,4999€
1,4599?
1,4786¢8
4,0827E
4,0986E

4,1944E
42155§§
4,0513&
3395028
3,6439E

3,8099E

ng
02
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ne
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J, 70381k
53,2196k
3923§6§
2,9500E
3,0770E
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J,0030E
338§§§§
3,2036k
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3,2203€
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3,1722
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3,37E5E

07

0é

0d
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ba

0d
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THIW2

3,1920¢8
QZeémaE
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2,B979E

2,639 7€
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